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Abstract 
 
 Impact melt flows form when target material melted by an impact breaches the rim of the 
impact crater.  The melt flows out and away from the crater, forming a lava flow.  Such flows 
have been identified on Venus and the Moon by previous studies.  This study aims to document 
impact melt flows on these two bodies to determine the differences, if any, between them, and to 
ascertain whether these differences are due to atmospheric conditions.  Previously recorded 
morphological data from Robert Herrick of the Lunar and Planetary Institute and Neish et al. 
(2014) are used in conjunction with S-band (12.6 cm) radar data from the Magellan spacecraft, 
the Arecibo Observatory, and the Lunar Reconnaissance Orbiter.  It was found that the flow 
length in terms of crater diameter and CPR, a proxy for surface roughness, are very different for 
the flows on the two bodies.  Venus flows originating from craters with a diameter d  ≥ 15 km 
had an average flow length of 2.33 crater diameters, and lunar flows originating from craters d  ≥ 
15 km had an average flow length of 0.47 crater diameters.  The CPR of Venus flows at radar 
incidence angles of 40-60° averaged at 0.305 and the CPR of lunar flows averaged at 0.868, 
meaning that lunar flows are rougher on centimeter scales.  These differences are consistent with 
those that would be produced by the differing surface temperatures on the two bodies; the higher 
temperature on Venus slows the melt’s cooling rate, decreases its viscosity, slows the increase in 
its viscosity due to cooling, and increases melt volume.  These effects produce longer and 
smoother flows.  Differences in melt composition and impact velocity may also be responsible 
for these differences.  These factors would affect the viscosity and volume of the flows such that 
Venus flows would be smoother and longer.  Further study including thermodynamic and 
rheological modeling as well as examining impact melt flows on other bodies such as Mars will 
be necessary to determine what the primary controls on impact melt flow length and roughness 
are. 
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Chapter 1: Introduction 
1.1 Purpose and Study Overview 
 Impacts of interplanetary objects with planetary surfaces are customary throughout the 
solar system, and thus the formation of impact craters is a very prevalent geologic process.  
Impact craters are not very commonly seen on Earth due to rapid degradation and erosion, but 
they are very commonplace on non-gaseous bodies where weathering is not as swift and 
thorough.  During the emplacement of some impact craters, the rim of the crater is breached, 
causing target material melted by the energy of the impact to flow out of and away from the 
crater.  This melt forms what is called an impact melt flow, which can be up to hundreds of 
kilometers long. 
 Impact melt flows have been identified on both Venus and the Moon.  However, past 
studies have noted that the flows on these two bodies have marked differences, primarily in 
regards to their size; for example, flows on Venus have been shown to be longer than those on 
the Moon (Chadwick and Schaber, 1993; Carter et al., 2012).  This study analyzes and compares 
flows on the two bodies to determine whether differences in the emplacement and resulting 
morphology of the impact melt flows on the two bodies are influenced by the differing 
atmospheric conditions. 
1.2 Impact Melt Flows and their Emplacement  
1.2.1 Impact Crater Emplacement 
 When a bolide, or large impactor, strikes a planetary surface at high velocity, its kinetic 
energy is converted in thermal, acoustic, and mechanical energy, causing an explosion at the site 
of the impact that is centered below the ground surface (Hartmann, 2005).  According to a model 
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defined by Collins et al. (2012), there are three stages of crater emplacement: contact and 
compression, excavation, and collapse. 
 When the bolide makes contact with the target surface, it decelerates and both the bolide 
and the target material are rapidly compressed.  This rapid compression generates shockwaves, 
or areas of high compression in front of an object traveling at supersonic speeds.  It also causes a 
sudden spike in pressure and temperature, up to hundreds of gigapascals and more than 10,000 K, 
the approximate pressure and twice the approximate temperature of the Earth’s core.  Once the 
compression is released, rarefaction waves, or areas of low pressure relative to their surroundings, 
propagate inward.  The end of the contact and compression stage is defined as when all of the 
pressure from the impact has been released and the bolide’s kinetic energy has been converted to 
kinetic and internal energy of the target and bolide material.  The internal energy results in 
heating while the kinetic energy causes the material movement that is characteristic of the 
excavation stage (Collins et al., 2012). 
 During the excavation stage, the shockwaves and the imparted kinetic energy begin 
forming the crater, driving target material outwards.  The target material at the rim of the crater 
is folded and overturned while the top-most target material is deposited via ballistic 
sedimentation in a continuous ejecta blanket immediately surrounding the crater and as a patchy 
layer distal to the crater.  Whether the ejecta blanket fully surrounds the crater is dependent on 
the angle of impact; oblique impacts of less than 45° have a “shadow” with no ejecta in the 
direction of impact.  At the end of the excavation stage, there is a deep and hemispherical crater 
(Collins et al., 2012). 
 The crater does not remain this way however, as the collapse stage now begins as the 
crater is modified by gravity.  In small craters with a diameter of less than 4 km, steep sections of 
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the rim of the crater collapse.   The resulting debris slides down the crater walls, forming breccia 
lenses on the floor of the crater.  Such craters that are only modified by this type of rim collapse 
and debris sliding are known as simple craters, and at the conclusion of the collapse stage, have 
an approximate depth-to-diameter ratio of 1:5.  Larger craters, however, collapse in such a way 
that they form what are called complex craters (Collins et al., 2012).  In these cases, in addition 
to the rim collapse and debris sliding seen in simple craters, faulting occurs below the crater, 
causing collapse at the edges and uplift at the center (Osinski et al. 2011).  The rim of the crater 
slumps, forming rim terraces and central uplifts.  Due to the dramatic gravitational collapse, 
complex craters are much shallower in relation to their diameter than simple craters are.  In 
addition, complex craters exhibit much more uplift of the crater floor and the strata underlying it 
than simple craters do; in complex craters, stratigraphic uplift can be as high as approximately 
one tenth of the final diameter of the crater (Collins et al., 2012). 
1.2.2 Impact Melt Flow Emplacement 
 The tremendous energy of the impact results in melting of the target material.  In some 
cases, melt can flow out of and away from the crater, forming an impact melt flow.  The 
emplacement of impact melt flows is thought to begin during the late excavation and early 
collapse stages.  During the late excavation stage, small amounts are ballistically driven over the 
rim of the crater.  This process is especially relevant for craters caused by oblique impacts.  
During the collapse stage, rim collapse and crater floor uplift can drive the melt from the impact 
up and over topographic lows in the crater rim (Osinski et al., 2011).  Irregular topography of the 
target surface can result in breaks or gaps in the crater rim which allow the melt passage out of 
the crater, thereby increasing the chances of a melt flow being emplaced due to the flow needing 
less kinetic energy to flow over the crater rim (Neish et al., 2014).  Once the melt is free of the 
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crater rim, its flow is influenced by the topography of the surface surrounding the crater, 
especially distal to the crater (Chadwick and Schaber, 1993). 
1.2.3 Flow Prevalence 
 Impact melt flows have been found on both Venus and the Moon.  48% of craters on 
Venus have impact melt flows (Chadwick and Schaber, 1993).  No corresponding statistic exists 
for the Moon as of yet.  Impact melt flows on the Moon have been most commonly found from 
craters in the highlands as opposed to the mare, possibly due to higher topographic variation in 
those regions (Neish et al., 2014).   
1.3 The Venusian Surface Environment 
 Venus’s surface has an atmospheric pressure and temperature of ~90 bars and ~457°C.  
Its atmosphere is composed primarily of carbon dioxide (~97% by volume).  The amount of 
carbon dioxide in Venus’s atmosphere is approximately comparable to the amount on Earth, 
including that which is part of carbonate rocks (Cattermole, 1994).  The atmospheric pressure at 
the surface of Venus is approximately equivalent to that at an ocean depth of 905 m (National 
Oceanic and Atmospheric Administration, 2015). 
1.4 The Lunar Surface Environment 
 The Moon is extremely cold is comparison to Venus—the temperature at the Moon’s 
surface averages approximately -18°C, with temperatures fluctuating with the diurnal cycle 
(Heiden et al., 2011).  It also has little to no atmosphere, resulting in little to no atmospheric 
pressure. 
1.5 Planetary Radar and Remote Sensing 
 Radar is one of the primary tools used to study geologic features on planetary bodies. 
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1.5.1 Planetary Radar and its Use as a Tool of Geologic Study 
 Radar is the act of transmitting a pulse of electromagnetic (EM) radiation (in this study, 
12.6 cm radio waves), at a target surface and receiving the echo.  There are two polarization 
types of EM radiation that can be used: single-polarized and circularly polarized. 
 Single-polarized radiation is characterized by its unidirectional electric field, meaning 
that the electric field of the EM radiation remains in one plane.  When a single-polarized radar 
pulse hits the target surface, the corresponding echo that is received is dependent on the physical 
and electrical properties of the surface, which affect how well the surface reflects it back.  These 
differences between the echoes from various points on the target surface allow the construction 
of images of the target surface (Neish and Carter, 2014).  These images are sometimes called 
total power backscatter images.  The “radar-bright” areas of the image are the ones that reflect 
the pulse the most effectively (a stronger echo signal was received), and the “radar-dark” areas 
are the ones that reflect the pulse least effectively (a weaker echo signal was received). 
 Circularly-polarized radiation is characterized by its constantly changing electric field; 
the magnitude of the EM radiation’s electric field remains the same, but the direction of the field 
is constantly rotating.  The direction of rotation can be either clockwise (right-handed) or 
counterclockwise (left-handed).  When a circularly-polarized radar pulse hits the target surface, 
the corresponding echo that is received is dependent on the texture of the surface.  For example, 
if a circularly-polarized pulse hits a flat surface, it is reflected so that the rotation direction of the 
EM radiation reverses, causing it to be polarized in the opposite direction (“opposite sense”) 
from its original polarization direction (“same sense”).  This reflection behavior enables us to use 
the ratio of opposite sense echoes to same sense echoes, also called Circular Polarization Ratio 
(CPR), as a proxy for the roughness of the surface (Neish and Carter, 2014).  Rough surfaces 
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tend to produce multiple reflections before the echo is received, resulting in approximately equal 
numbers of opposite sense and same sense echoes and thus a CPR of approximately 1.  Flat 
surfaces tend to only reflect once before being received again, resulting in more opposite sense 
echoes than same sense echoes and thus a CPR closer to 0 (Neish et al. 2014).  The order of the 
roughness detected is dependent on the wavelength used, so in this case, since the radiation being 
used has a wavelength of 12.6 cm, the radar detects roughness on the order of centimeters (Carter, 
2014).   
 The CPR of a surface is calculated using the Stokes Vector, which describes the 
polarization state of the received echo.  EL and ER describe the electric fields of the left and right 
circular polarizations, respectively.  S1 is total average power of the echo, or reflectivity, and is 
the quantity that is often used in constructing radar images.  S2 and S3 describe the linear 
polarization of the wave.  S4 describes the magnitude and direction of the circular polarization 
(Neish and Carter, 2014). 
𝑆 = [
𝑆1
𝑆2
𝑆3
𝑆4
] =
[
 
 
 
〈|𝐸𝐿|
2〉 + 〈|𝐸𝑅|
2〉
2𝑅𝑒〈𝐸𝐿𝐸𝑅〉
2𝐼𝑚〈𝐸𝐿𝐸𝑅〉
〈|𝐸𝐿|
2〉 − 〈|𝐸𝑅|
2〉]
 
 
 
 
 CPR, sometimes referred to as μc, is derived using S1 and S4  (Neish and Carter, 2014). 
𝜇𝑐 =
𝑆1 − 𝑆4
𝑆1 + 𝑆4
 
 CPR tends to increase with radar incidence angle (Carter et al., 2011), thus it is important 
when comparing CPR values to compare across similar incidence angles. 
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1.5.2 The Necessity of Using Radar 
 With the omnipresence of satellite photography, a logical question in regards to the use of 
radar arises: why is it necessary to use radar for geologic study?   The answer to this question is 
three-fold.   
 The first element of the answer is that imaging using visible wavelengths, as satellite 
photography does, is unhelpful in studies of surface geology of some planetary bodies, including 
Venus.  This is because some planetary atmospheres are impenetrable by visible light.  As a 
result, visible light does not reach the surface and thus cannot create the reflection for the camera 
to receive. Therefore, in order for us to use remote sensing to study the surface of Venus, it is 
necessary to use a frequency of EM radiation other than visible light.  Radar uses radio waves, 
which are of a frequency that is able to pass through Venus’s atmosphere. 
 The second element of the answer is that radar enables scientists to see and study surface 
features that are relatively invisible in traditional satellite photographs.  In the case of impact 
melt flows that have been weathered or partially obscured by regolith, radar is able to detect the 
flows when optical imaging can’t; radar is sensitive to both surface and sub-surface roughness, 
(Neish et al. 2014). 
 The third element of the answer is that radar provides additional information beyond 
what can be gathered from traditional satellite photography.  CPR as a proxy for surface 
roughness is a prime example of this.  Thus, using satellite photography in conjunction with 
radar allows scientists to learn more than using optical imaging alone. 
1.6 Sources of Planetary Radar Data 
 The data used in this study come from three sources: the Magellan Spacecraft (Venus), 
the Arecibo Observatory in Puerto Rico (Venus), and the Lunar Reconnaissance Orbiter (Moon).  
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The data from these sources all vary in resolution, which is expressed in terms of the dimensions 
of one data pixel. 
1.6.1 Magellan Spacecraft 
 The Magellan spacecraft was launched on May 4, 1989 and arrived at Venus on August 
10, 1990.  The satellite used Synthetic Aperture Radar (meaning that it was able to continuously 
transmit and receive radar pulses and echoes) to radar-image the planet using S-band (12.6 cm 
wavelength—microwave radiation) single-polarized radar at 100 m resolution.  Over the course 
of the months it was active, it created total power backscatter images of 98% of the planet (Jet 
Propulsion Laboratory). 
1.6.2 Arecibo Observatory 
 The Arecibo Observatory is operated by the National Astronomy and Ionosphere Center 
at Cornell University.  Its radio telescope has a 305 m dish, and it is the most sensitive one on the 
planet because it has the largest curved focusing antenna of any radio telescope (National 
Astronomy and Ionosphere Center, 2004).  The Arecibo data used in this study are radar 
polarimetry data (meaning the radar pulses are circularly polarized instead of single-polarized).  
The data collected by the Observatory are only of one side of Venus—due to orbital resonance, 
only one side of Venus is facing the Earth at times during inferior conjunction (when both 
planets are in line with and on the same side of the sun) when measurements are able to be taken 
from ground-based telescopes (Marov et al., 1998).  The data used in this study have been 
averaged to ~3 km resolution. 
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1.6.3 Lunar Reconnaissance Orbiter 
 All data used in this study to examine lunar flows come from the Lunar Reconnaissance 
Orbiter (LRO).  The Lunar Reconnaissance Orbiter was launched on July 18, 2009, arrived at the 
moon 4 days later, and has been in orbit around the Moon since.  This study used data from two 
of LRO’s instruments: Lunar Reconnaissance Orbiter Camera (LROC WAC) and Mini Radio-
Frequency Technology Demonstration (Mini-RF).  LROC provides 50 cm and 100 m resolution 
optical imaging of the surface using narrow angle (NAC) and wide angle (WAC)cameras, 
respectively (Vondrak, Results of the Lunar Reconnaissance Orbiter, 2012).  These images were 
used to give an alternate view of the radar-imaged areas.  Mini-RF is a Synthetic Aperture Radar 
instrument that (in addition to X-band, or 2.5 to 3.75 cm wavelength) uses S-band radar with 150 
m resolution (Nozette et al., 2009).  It is capable of sending circularly polarized radar pulses 
(Nozette et al., 2009), unlike Magellan.  All Mini-RF data share a near-constant incidence angle 
of ~48° (Bell et al., 2012). 
1.7 Previous Studies of Impact Melt Flows 
 Impact melt flows have been catalogued, imaged, and studied frequently in scientific 
literature.  These studies are primarily separated into flows on Venus and flows on the Moon.  
1.7.1 Studies of Lunar Impact Melt Flows 
 Studies of lunar impact melt began as early as the 1960s and 1970s (Shoemaker et al. 
1968, Guest, 1973; Howard and Wilshire, 1975; Hawke and Head, 1977)).  Howard and Wilshire 
(1975) and Hawke and Head (1977) are still cited extremely frequently in impact melt literature 
today across decades and study planets (Chadwick and Schaber, 1993; Grieve and Cintala, 1995, 
1997; Sugita and Schultz, 2002; Osinski et al., 2011; Carter et al., 2012; Neish et al., 2014).  The 
plethora of high resolution data provided by LRO have allowed for more detailed study of 
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already catalogued impact melt flows as well as the discovery of previously unseen impact melt 
flows (Carter et al., 2012; Neish et al., 2014).  These recent studies have made use of multiple 
data sets to study the flows including optical images, S1 radar total power images, and radar 
polarimetry, especially CPR.   
1.7.2 Studies of Venus Impact Melt Flows 
 Studies of Venus impact melt flows that have been performed in recent decades have 
made heavy use of Magellan imagery (Chadwick and Schaber, 1993; Sugita and Schultz, 2002; 
Osinski et al., 2011).  As mentioned previously, the Magellan spacecraft was not equipped with 
the ability to collect polarimetry data, so the data used are primarily S1 radar total power images.  
Recent studies have also made use of the Arecibo Observatory in order to obtain polarimetry 
data (Carter et al., 2004). 
1.8 Study Context and Objectives 
 As mentioned earlier, the fact that impact melt flows on Venus and the Moon have 
different characteristics on each of these two bodies has also been noted in the literature 
(Chadwick and Schaber, 1993; Carter et al., 2012).  Some studies have used thermal modeling to 
explain the differences in length between Venus and lunar flows (Grieve and Cintala, 1992, 1995, 
1997).  At this time, however, no study has yet been done which performs a direct side-by-side 
analysis and comparison of impact melt flows on the two bodies directly using remote sensing 
measurements of specific flows themselves to determine the reasons for the difference.  This 
study aims to do this, specifically in regard to the effect of the differing atmospheric temperature 
and pressure conditions on the two bodies. 
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Chapter 2: Methods 
2.1 Methods Overview 
 This study examined impact melt flows using two methods: pre-existing databases of 
craters and their impact melt flows, and raw raster data for select individual craters obtained 
from the Magellan mission, the Arecibo Observatory, and LRO. 
2.2 Selection of Venus Craters for Detailed Study 
 Craters were selected on the basis of three factors: location, crater diameter, and prior 
documentation.  The Venus flows selected all: 1) are within range the Arecibo Observatory so 
that CPR measurements could be obtained for all flows, 2) originate from a crater with a 
diameter at or above 50 km (with some exceptions that are documented in prior studies of impact 
melt flows, though only craters above 15 km in diameter were included to allow for adequate 
Arecibo data pixels for CPR measurements), and 3) are documented in prior studies as impact 
melt flows.  The craters that were selected are (in order of decreasing diameter): Rosa Bonheur, 
Sanger, Mona Lisa, Stuart, Seymour, Aglaonice, Ponselle, Potter, Cunitz, Willard, Deken, 
Danilova, Truth, Xantippe, Lachappelle, Aurelia, and Galina.   
2.3 Venus Crater Database 
 This study made use of a database of all documented Venus craters created by Robert 
Herrick of the Lunar and Planetary Institute.  This database includes data for each crater such as 
latitude and longitude, diameter, and morphology, including whether it has an impact melt flow 
and if so, the length of the flow.  This study examined the existing data as well as made some 
modifications and additions: craters were separated based on whether they had an impact melt 
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flow and whether they were visible to Arecibo, the length for each impact melt flow was 
calculated in terms of the crater’s diameter, and the incidence angle for each crater selected for 
detailed study was calculated using the Spherical Law of Cosines.  The sub-radar point (used in 
calculation of the incidence angles) is 9.18°S, 337.5° (Carter, 2014). 
2.4 Selection of Lunar Craters for Detailed Study 
 Lunar craters were selected based on their flows being documented in prior studies.  This 
is because there is no master database of lunar craters as there is for Venus craters, so it was 
necessary to select from prior studies.  The nine selected craters are (in order of descending 
diameter): Tycho, King, Jackson, O’Day, Aristillus, Maunder, Glushko, and Gerasimovich. 
2.5 Lunar Crater Database 
 A database of lunar craters with impact melt flows was compiled using Tables 1, 2, and 3 
in Neish et al. (2014).  The relevant data for this study are diameter, latitude and longitude, and 
flow length.  The length of each flow in terms of crater diameter was calculated for each flow. 
2.6 Raster Data 
 This study used rasters of radar data of impact melt flows on both Venus and the Moon.  
Rasters are arrays of pixels in which each pixel has a value; the units of the pixel value are 
dependent on the raster.  The rasters used come from a variety of different sources. 
2.6.1 Venus: Magellan 
 S-band data from the Magellan mission for each of the 25 Venus craters to be studied in 
detail were obtained through the USGS resource Map a Planet.  For each desired 
latitude/longitude range (determined with the help of Robert Herrick’s crater database), left look 
synthetic aperture radar (SAR) full resolution radar maps (FMAP) were downloaded at 1,400 
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pixels/degree (0.075 km/pixel) resolution with a simple cylindrical projection, no stretch, no grid, 
and nearest neighbor resampling. 
2.6.2 Venus: Arecibo 
 S-band raster data of Venus taken using the Arecibo Observatory’s radio telescope were 
obtained from a study performed in 2001 by Bruce Campbell, Donald Campbell, Lynn Carter, 
and colleagues.  The data was taken in multiple runs on March 27, March 29, and March 30.  
The runs of the northern and southern hemispheres were taken separately.  Before processing, the 
data from all of the runs were recorded in separate files (originally in .gi, or Global Image, 
format).  Log sheets from the study record the date, identifier, and hemisphere for each run to 
allow for correct processing and combination into a mosaic of all of the runs.  Processing for all 
files was done using Interactive Data Language (IDL).  The runs for each hemisphere on each 
day were combined separately into S1, S2, S3, and S4 of the Stokes Vector, and then all of the 
north and south runs were combined into S1 and CPR master files for north and south.  IDL was 
then used to create .tif images for both S1 and CPR for the northern and southern hemispheres.  
The CPR images were color scaled (cool colors for low values and warm colors for high values) 
using Adobe Photoshop CS6, and a Gaussian blur was applied to average the data spatially.  The 
CPR images were then reduced in opacity and overlaid on the S1 images to allow for selection of 
pixel ranges for each measurement.  For examples of the code used to complete the data 
processing, see Appendix G. 
2.6.3 Moon: Lunar Reconnaissance Orbiter 
 Raster data from the Lunar Reconnaissance Orbiter’s Mini-RF instrument were obtained 
for each of the lunar craters selected for detailed study through resources maintained by 
Washington University in St. Louis.  LRO data are separated into strips with one strip from each 
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run.  The data strips for each flow were selected using Washington University’s Lunar Orbital 
Data Explorer or the MAC application Tessera.  Data strips were downloaded in groups from 
Lunar Orbital Data Explorer or individually by run from Washington University’s PDS 
Geosciences Node data archive.  In addition, mosaics of LROC WAC images for each flow’s 
region were downloaded from Arizona State University’s LROC resource. 
 The data strips for each flow were then combined into mosaics.  This was done using a 
tcsh script adapted from one written by Catherine Neish which uses Integrated Software for 
Imagers and Spectrometers (ISIS) 3.  The data for each flow are run through the script separately.  
The script processes the radar data files using the Stokes Vector, combines them into mosaics, 
and trims the mosaics to the desired latitude/longitude range, producing S1, CPR, and LROC 
mosaics for the desired latitude/longitude range.  For the code usedl, see Appendix H. 
2.6.4 Qualitative Raster Analysis 
 The S1 rasters for each flow were examined qualitatively, and the following questions 
were answered in order to ascertain each flow’s radar characteristics for comparison:  
1)  Are the flows relatively radar-bright or radar-dark? 
2)  Are the edges of the flows the same brightness as the interior of the flow and are the edges 
well-defined and “crisp” or are they diffuse (like they have been covered or may not be melted 
rock)? 
3)  Are different types of flows present for the same crater (e.g. bright/dark flow, crisp/diffuse 
edges)? 
2.6.5 Quantitative Analysis 
 Mosaics for all craters, both on Venus and the Moon, were imported into the IDLDE as 
2D float arrays.  Pixel ranges were then selected for each flows so that the CPR values within 
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each range could be averaged together to produce one measurement.  For the Magellan and LRO 
Mini-RF data, pixel ranges to be averaged were selected by viewing the data using the IDL 
procedure atv.pro, commonly used by astronomers to view data.  For the Arecibo data, pixel 
ranges to be averaged were selected in Adobe Photoshop CS6, and then recalculated to obtain the 
equivalent ranges in the IDL arrays. 
 It must be noted that for all Venus flows, a CPR measurement of the crater floor is 
included.  Though this measurement is not necessarily relevant to the study, these measurements 
were performed so that there would be more than one measurement at each specific incidence 
angle.  In addition, some of the flows, both from Venus and the Moon, include a significantly 
larger number of CPR measurements than the others.  For such Venus flows, these were taken 
because the flow was large enough to allow for this considering the low resolution of the Arecibo 
data.  For such lunar flows, these flows were the first lunar flows to be measured in the study, 
and the large number of measurements was primarily due to establishing and practicing the data 
processing and measurement methods. 
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Chapter 3:  Results  
3.1 Flow length 
 Flow length data for all Venus flows are shown in Appendix A.  Flow length data for all 
included lunar flows are shown in Appendix B. 
3.1.1 Venus flows 
 The average flow length for all Venus flows is 2.48 crater diameters, and the average 
flow length for Venus flows from craters d ≥ 15 km (craters in the same diameter range as those 
of the studied flows) is 2.33 crater diameters.   
3.1.2 Lunar flows 
 The average flow length for lunar flows is 0.62 crater diameters.  The average flow 
length for lunar flows from craters d  ≥ 15 km (craters in the same diameter range as those of the 
studied flows) is 0.47 crater diameters.   
3.2 Radar Brightness and Flow Character 
 See Appendix C for the qualitative radar characteristics analysis for each Venus flow, and 
Appendix D for the qualitative radar characteristics analysis for each lunar flow. 
3.2.1 Venus flows 
 All Venus flows studied in detail were more radar-bright than their surroundings, and the 
radar-brightness of each flow is often variable along the flow.  These variations can be localized 
(i.e. a bright or dark area within a flow), or they can be by direction from the crater (e.g. Truth’s 
flow is brighter to the south than to the north) and/or by distance from the crater (e.g. Seymour’s 
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flow is bright proximal and distal to the crater and dark in the middle).  The edges of the flows 
range from crisp to diffuse, and both can occur within the same flow.  No flows, however, 
exhibit only diffuse edges. 
3.2.2 Lunar flows 
 All lunar flows studied were also brighter than their surroundings, though some were 
dark enough that they were somewhat difficult to distinguish from the surroundings.  The radar-
brightness of each flow is often variable along the flows.  These variations can be localized, or 
they can be by direction from the crater (e.g. Tycho’s flow to the northeast is brighter than its 
flow to the southeast) and/or by distance from the crater (e.g. Tycho’s southeast flow is brighter 
distal to the crater than it is in the middle of the flow).  The edges of the flows range from crisp 
to diffuse, and both can occur within the same flow.  No flows, however, exhibit only diffuse 
edges.  Many of the flows exhibited radar-bright spots from new craters forming on the flow. 
3.3 CPR 
 See Appendix E for the CPR analysis for each Venus flow, and Appendix F for the CPR 
analysis for each lunar flow. 
3.3.1 Venus flows 
 CPR values for Venus flows ranged from 0.023 to 0.403 across of range of radar 
incidence angles from 17.5° to 68.6°.  Of the flows that are at incidence angles of ~40 to ~60 
(similar to Mini-RF incidence angles), CPR values range from 0.242 to 0.435.  The average CPR 
for flows in this incidence angle range is 0.305. 
3.3.2 Lunar flows 
 CPR values for lunar flows ranged from 0.323 to 1.42, and they average at 0.868. 
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Chapter 4: Discussion 
 The findings of this study show that Venus impact melt flows are longer in relation to 
crater diameter and smoother on centimeter scales than lunar flows are, both by significant 
margins; the average length of Venus flows from craters d ≥ 15 km is 4.96 times higher than that 
of lunar flows, and CPR values for lunar flows are 2.85 times higher than those of Venus flows.  
The observed differences in length and roughness are consistent with the effects that would be 
produced by the differing atmospheric conditions on the two bodies.  The higher atmospheric 
temperature on Venus would result in the impact melt flows having hotter temperatures and 
slower cooling rates than those on the Moon, which would extend flow time, decrease viscosity, 
and slow the rate of viscosity increase due to cooling.  The longer flow time results in longer 
flows and the lower viscosities result in longer and smoother flows.  In addition, the higher 
temperatures on Venus would result in comparatively larger volumes of impact melt, resulting in 
longer flow lengths.   
 This theory regarding the causes for the observed differences operates under the 
assumption that the flows have the same effusion rates because data on rates of flow are not 
available in this study.  Effusion rates influence the length of the flow; higher rates result in 
longer flows (Walker et al., 1973).  In addition, this theory does not take into account gas 
bubbles in the melt.  The effect of gas bubbles on viscosity changes with the properties of the 
bubbles; very small bubbles behave as rigid objects and increase viscosity, whereas larger 
bubbles can deform and slip against each other under the shear forces from flow.  The percent 
volume of gas bubbles also changes the effect on viscosity; very low percent volumes do not 
strongly affect viscosity whereas high percent volumes of gas bubbles do (Griffiths, 2000).  Thus, 
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because the methods used here don’t allow for consideration of the vesiculation of the specific 
flows, the effect of gas bubbles in the flows will not be considered in this study. 
 It should be noted that all mentions of crater diameter within this discussion refer to final 
crater diameter (crater diameter after the conclusion of the collapse stage of crater emplacement) 
rather than transient crater diameter (crater diameter before collapse is complete).  Only final 
crater diameters are considered because the recorded diameters for previously emplaced craters 
such as those in this study are all final crater diameters.  This is because all of these craters have 
already completed emplacement, and thus have achieved their final diameters. 
 4.1 Effects of Atmospheric Temperature 
4.1.1 Cooling Rate 
 Higher ambient temperature results in slower cooling.  This is because there are smaller 
differences between the temperature of the melt and the temperatures of the surrounding 
atmosphere, the surface over which the melt is flowing, and the clastic materials entrained in the 
melt.  A smaller ΔT results in a smaller heat flux and thus slower cooling rates (Chadwick and 
Schaber, 1993; Griffiths, 2000). 
 It should be noted that while the presence of an atmosphere does enhance cooling rates in 
that it allows for convective cooling, this effect is decreased on Venus by the higher atmospheric 
temperature in that there would be smaller temperature differences between the site of impact 
and the surrounding atmosphere.  In addition, the atmosphere would also help to hinder radiative 
cooling due to the suspension of fine particles from the impact (Grieve and Cintala, 1992). 
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4.1.2 Viscosity 
 The temperature of a substance directly impacts its viscosity; the higher the temperature 
of the substance, the lower its viscosity (Griffiths, 2000).  Since Venus flows are hotter on 
average than lunar flows due to higher atmospheric temperature and slower cooling rates, they 
are less viscous and their viscosities increase at a slower rate.  This relationship has been 
confirmed by Grieve and Cintala (1992).   
4.1.3 Melt Volume 
 The temperature of the target rocks, influenced by the atmospheric temperature, affects 
the volume of melt produced by the impact; higher temperature target rocks, made such by 
higher atmospheric temperatures, experience enhanced melting which results in larger volumes 
of impact melt at comparative crater diameters (Grieve and Cintala, 1992).  Because the 
atmospheric temperature is higher on Venus than on the Moon, the higher target rock 
temperatures on Venus would result in higher comparative melt volumes than on the Moon. 
4.3 Effects of Atmospheric Pressure 
 Ambient pressure influences gas bubbles which play a role in viscosity; high ambient 
pressure hinders the exsolution of the gases which form the gas bubbles, so gas bubbles are less 
likely to form in higher pressure environments (Faust, 1975).  However, due to the 
aforementioned reasons, gas bubbles are not being considered in this study. 
 Ambient pressure also has a direct impact on viscosity.  However, the relationship 
between pressure and viscosity varies depending on the melt composition.  For example, albite’s 
viscosity decreases with increasing pressure.  Conversely, the viscosity of diopside increases 
with increasing pressure.  In addition, the effect of ambient pressure on viscosity is very small 
(Avramov, 2007).  Furthermore, the studies performed on the dependence of viscosity on 
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pressure were performed at pressures similar to those in the mantle (Avramov, 2007), which are 
multiple orders of magnitude larger than atmospheric pressure, even that of Venus. 
 In light of these considerations, atmospheric pressure will be discounted in this study as a 
significant factor in the viscosity of impact melt flows. 
4.4 Cooling Rate and Flow Length 
 As the cooling rate of the melt decreases, the amount of time during which the melt can 
flow before it cools to the point of no longer being able to increases.  This longer flow time 
allows the melt to achieve a greater flow length (Harris and Rowland, 2009).  Thus, the slower 
cooling rates on Venus result in longer flow lengths than those of lunar flows. 
4.5 Viscosity and Flow Length 
 Higher melt viscosities result in shorter flow lengths for the same volume of melt; melt 
flows are much thicker with high viscosity melts due to their higher resistance to flow, which 
results in the same volume of melt not flowing as far (Walker, et al., 1973).  This relationship is 
consistent with the differences in flow length on Venus and the Moon; Venus flows are both less 
viscous and longer. 
4.6 Melt Volume and Flow Length 
 Higher melt volumes result in the flow being able to achieve a greater length assuming 
the same viscosity (Walker et al., 1973).  This effect is compounded in cases when the melt is of 
lower viscosity, as on Venus.  Lower viscosity melt results in longer flows at the same volume, 
so higher volume lower viscosity melt flows would be significantly longer than lower volume 
higher viscosity flows. 
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4.7 Viscosity and Flow Roughness 
 Assuming the same strain rate, low viscosity lavas create smoother flows on centimeter 
scales than high viscosity lavas do.  This can be seen with the common lava types pahoehoe and 
a’a.  Pahoehoe is visibly smoother than a’a; pahoehoe typically exhibits centimeter scale CPR 
values between 0 and 0.125, and a’a typically exhibits a CPR between 0.125 and 0.2 (Campbell 
and Campbell, 1992).  This difference is often due to differing strain rates because of differing 
flow velocities.  However, assuming that a higher viscosity melt and a lower viscosity melt have 
the same flow velocity and strain rate, the lower viscosity melt produces a smoother flow.  In 
addition, it requires a higher strain rate to increase the roughness of a lower viscosity melt to the 
same level of a higher viscosity melt at a lower strain rate (Sehlke et al., 2014). 
4.9 Theory Considerations 
 Though the observed differences between Venus and lunar impact melt flows are 
consistent with the expected effects from the two bodies’ atmospheric conditions, there are other 
factors that may be responsible for creating these differences. 
4.9.1 Melt Composition 
 Viscosity also varies with melt composition.  Viscosity is commonly known to change 
with silica (SiO2) content with higher silica content resulting in higher viscosity melts (Griffiths, 
2000).  This simple relationship is difficult to use to determine the composition-based viscosity 
difference between lunar and Venus impact melt flows, however; silica minerals are remarkably 
rare on the Moon (Heiken et al., 1991).  Thus, it is important to examine the melt compositions 
more closely in order to determine the differences in viscosity due to composition. 
 The lunar mare are composed of volcanic basaltic lava flows from the Moon’s mantle as 
well as pyroclastic deposits.  The highlands are composed of a ferroan anorthosite suite of 
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ferroan anorthosite with >90% An96 plagioclase, ferroan noritic anorthosite, and ferroan 
anorthositic norite; a magnesium-rich suite of mostly norites with some magnesian anorthosite, 
gabbro, and gabbronorite; an alkali suite of compositions ranging from anorthosite to norite and 
gabbronorite; and KREEP basalts, which contain high concentrations of incompatible elements 
(K, Rare Earth Elements, P) (Lucey et al., 2006).  The most common of these rock types in the 
highlands is the ferroan anorthosite with >90% An96 plagioclase (Heiken et al., 1991).  
Approximately 7% of lunar impact melt flows occur in the mare while the rest occur in the 
highlands.  As mentioned previously, this is not consistent with the flows occurring on all 
surface types consistently; if the flows were evenly distributed geographically, approximately 16% 
would occur in the mare (Neish, et al., 2014).   
  80% of the Venus surface is covered by volcanic plains.  These plains are at elevations 
ranging from 1.5 km below to 2 km above Venus’s elevation datum of radius = 6051.84 km 
(Ford et al., 1993) and are composed of basalt (Treiman et al., 2014).  The vast majority of 
Venus impact melt flows are in the plains and occur in the specified elevation range; out of the 
263 Venus flows for which flow data is available, none of them fall below an elevation of -1.5 
km and only two lie above 2 km.  
 The differences in viscosity between the differing compositions on Venus and the Moon 
can be predicted using the results of previous laboratory experiments.  One such experiment uses 
melts of diopside and anorthite (Scarfe et al., 1983).  A diopside-anorthite system is a simple 
analog for basalt.  In light of the dominant rock compositions and distributions of the flows on 
the two bodies, it will be assumed in this study for the sake of viscosity analysis and comparison 
that the lunar flows are composed of anorthite and the Venus flows are composed of basalt.  
Thus, pure anorthite will be taken as an analog for the lunar melts and a mix of diopside and 
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anorthite will be taken as an analog for the Venus melts.  Laboratory analyses find that pure 
anorthite is of higher viscosity than pure diopside, and the viscosity of a diopside-anorthite mix 
lies between the two, with the specific value dependent on the proportions of the mix (Scarfe et 
al., 1983).  This means that lunar flows are more viscous than Venus flows due to composition, 
resulting in lunar flows being shorter and rougher on centimeter scales as observed. 
 In addition to differences in composition resulting in varying viscosities, they also may 
change the volume of impact melt produced due to differing melting points; rocks with lower 
melting points don’t require as much energy to melt, thus lower melting point rocks produce 
more melt in situations where the melting energy is the same.  A melt consisting of both diopside 
and anorthite has a lower melting point than pure anorthite by up to hundreds of degrees Celsius 
depending on the proportions of the mix (Nesse, 2012, pg 89).  Thus, the Venus basaltic melts 
(represented by the diopside-anorthite mix) have a lower melting temperature than the lunar 
anorthitic melts, producing larger volumes of impact melt for the same impact energy.  Larger 
volumes would result in longer flow lengths as previously mentioned, so Venus flows may be 
longer on average due to their composition. 
4.9.2 Impact Velocity and Melt Volume 
 The differences between Venus and lunar impact melt flows can also be explained, at 
least in part, by impact melt volume differences due to differences in impact velocity.  Venus 
impact events produce 3 times more impact melt than events on the Moon that would produce 
craters of comparable final diameter.  This is in large part due to higher impact velocities on 
Venus (the other part being the aforementioned differences in target temperature) (Grieve and 
Cintala, 1992, 1995, 1997).  Higher melt volumes allow for longer flow lengths, resulting in 
Venus having longer flows than the Moon due to differing impact velocity. 
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4.10 Concluding Remarks 
 It is clear from the findings in this study that Venus impact melt flows are both 
significantly longer and smoother on centimeter scales than lunar impact melt flows.  These 
differences are consistent with what would be caused by the differing atmospheric conditions.  
However, there are other factors that could possibly create these differences such as the 
previously mentioned differences in composition and the differences in impact velocity.  Based 
on the data available in this study, it’s not possible to determine here whether the observed 
differences are in fact due to the differing atmospheric conditions or to the other factors, 
especially since all of the previously discussed controls all result in the documented differences.  
However, this standing question of whether the atmospheric conditions are the primary control 
for the differences may be able to be resolved with future work.  For example, thermodynamic 
modeling such as the work done by Grieve and Cintala (1992, 1995, 1997) as well as rheological 
modeling may be able to provide additional insight into what controls on the flow length and 
roughness are dominant.  In addition, because the controls in question would affect the 
morphology of all impact melt flows, not just the ones on these two bodies, it is possible that 
future studies could determine which controls are dominant in general by also comparing impact 
melt flows on other bodies.  Doing so with terrestrial flows is difficult due to rapid degradation 
and erosion, however, possible impact melt flows have been found on Mars (Morris et al., 2010).  
It is possible that with similar studies comparing those found on other bodies such as Mars, it 
will be possible to determine the controls at play in this case.  It is hoped that this contribution 
will help to answer the question of the primary controls on impact melt flow morphology.
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Appendix A: Venus Flow Database 
 
Appendix A contains the full list of craters used to calculate Venus flow lengths.  These data were adapted from 
those of Robert Herrick of the Lunar and Planetary Institute.  Bolded flows are documented in this study.  
*Starred columns were generated in this study. 
 
Elevation datum = 6051.84 km (Ford et al., 1993) 
Reference 
Number Name Latitude Longitude 
Crater 
Diameter 
Flow 
Length 
Flow 
Length* 
Surrounding 
Elevation 
Elevation 
vs. Datum* 
  
 (°)  (°) (km) (km) 
(crater 
diameters) (km) 
 # Name Lat Lon D Flkm Flcd Ev Evd 
2 Isabella -29.9 204.2 176.0 403.2 2.3 6051.74 -0.10 
5 Stanton -23.2 199.3 107.0 148.3 1.4 6052.04 0.20 
8 Rosa Bonheur 9.7 288.8 102.2 137.6 1.3 6052.00 0.16 
10 Cochran 51.9 143.4 98.1 270.0 2.8 6051.77 -0.07 
11 Maria Celeste 23.4 140.4 96.6 167.3 1.7 6051.38 -0.46 
12 Sayers -67.5 229.6 93.6 136.8 1.5 6050.95 -0.89 
13 Greenaway 22.9 145.1 92.3 128.8 1.4 6051.28 -0.56 
16 Addams -56.2 98.8 87.1 514.8 5.9 6051.47 -0.37 
17 Graham -6.2 6.0 84.1 242.0 2.9 6051.11 -0.73 
18 Sanger 33.8 288.6 83.8 293.0 3.5 6053.03 1.19 
19 Mona Lisa 25.6 25.2 82.5 101.0 1.2 6051.41 -0.43 
20 Stowe -43.2 233.2 75.3 148.0 2.0 6051.02 -0.82 
25 O'Keeffe 24.5 228.8 72.4 166.8 2.3 6051.65 -0.19 
26 Markham -4.1 155.6 71.8 332.6 4.6 6051.97 0.13 
27 Boleyn 24.4 220.1 69.8 102.6 1.5 6052.08 0.24 
29 Henie -52.0 146.0 68.7 135.8 2.0 6050.96 -0.88 
30 Nevelson -35.2 307.8 68.5 165.7 2.4 6052.10 0.26 
31 Dickinson 74.7 177.0 67.7 145.0 2.1 6051.65 -0.19 
32 Stuart -30.8 20.2 66.6 85.0 1.3 6051.73 -0.11 
33 Seymour 18.2 326.5 63.9 249.3 3.9 6050.93 -0.91 
35 Yablochkina 48.2 195.3 63.8 63.6 1.0 6051.74 -0.10 
34 Dix -37.0 329.0 63.8 269.3 4.2 6052.25 0.41 
37 Aglaonice -26.5 340.0 62.7 180.0 2.9 6051.61 -0.23 
927 Batten 15.2 217.4 62.2 85.8 1.4 6052.27 0.43 
39 Ermolova 60.3 154.4 60.3 134.3 2.2 6050.37 -1.47 
41 Vigee-Lebrun 17.3 141.4 57.6 190.0 3.3 6051.06 -0.78 
42 Ponselle -63.0 289.0 57.3 81.1 1.4 6051.82 -0.02 
43 Carreno -3.9 16.1 56.8 105.0 1.8 6050.83 -1.01 
49 Zhilova 66.3 125.7 53.3 98.0 1.8 6052.52 0.68 
51 Hurston -77.6 94.8 52.3 102.7 2.0 6051.53 -0.31 
52 Caldwell 23.6 112.5 52.0 46.0 0.9 6051.52 -0.32 
54 Fedorets 59.6 65.6 50.3 130.0 2.6 6051.55 -0.29 
55 Jhirad -16.8 105.6 50.2 165.8 3.3 6053.48 1.64 
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Reference 
Number Name Latitude Longitude 
Crater 
Diameter 
Flow 
Length 
Flow 
Length* 
Surrounding 
Elevation 
Elevation 
vs. Datum* 
  
 (°)  (°) (km) (km) 
(crater 
diameters) (km) 
 # Name Lat Lon D Flkm Flcd Ev Evd 
59 Potter 7.2 309.4 48.9 156.1 3.2 6051.81 -0.03 
61 Cunitz 14.5 350.9 48.5 80.0 1.6 6051.26 -0.58 
62 Willard -24.7 296.0 48.4 118.8 2.5 6051.95 0.11 
211 Deken 47.1 288.5 48.2 105.7 2.2 6050.42 -1.42 
65 Voynich 35.3 56.1 47.9 117.7 2.5 6051.47 -0.37 
66 Barto 45.3 146.2 47.9 146.4 3.1 6051.30 -0.54 
68 Danilova -26.4 337.2 47.6 77.0 1.6 6051.99 0.15 
69 Marsh -63.6 46.6 47.4 88.2 1.9 6052.05 0.21 
70 Volkova 75.1 242.2 47.2 108.7 2.3 6051.95 0.11 
72 Hull 59.4 263.5 46.8 141.9 3.0 6051.42 -0.42 
73 Wollstonescraft -39.2 260.8 46.6 143.6 3.1 6051.46 -0.38 
75 Fouquet -15.1 203.5 46.2 86.3 1.9 6052.24 0.40 
76 Truth 28.7 287.8 46.1 150.1 3.3 6054.02 2.18 
77 Dashkova 78.2 306.5 45.3 67.7 1.5 6052.41 0.57 
80 Leyster 1.0 260.0 45.1 51.3 1.1 6051.24 -0.60 
79 Corpman 0.3 151.8 45.1 128.6 2.9 6052.21 0.37 
84 Austen -25.0 168.5 43.9 40.2 0.9 6052.47 0.63 
85 Manzolini 25.7 91.3 43.7 139.2 3.2 6051.67 -0.17 
86 Guan Daosheng -61.1 181.8 43.0 63.1 1.5 6051.14 -0.70 
89 Montessori 59.4 280.0 42.9 47.8 1.1 6051.16 -0.68 
88 Hayashi 53.7 243.9 42.9 105.0 2.4 6051.08 -0.76 
91 Parra 20.5 78.5 42.8 33.6 0.8 6052.02 0.18 
92 Khatun 40.3 87.2 42.4 114.1 2.7 6052.55 0.71 
96 Tubman 23.6 204.6 41.1 81.1 2.0 6051.79 -0.05 
97 Duncan 68.1 291.7 41.0 59.7 1.5 6051.60 -0.24 
98 Tsvetayeva 64.6 147.3 40.9 82.6 2.0 6050.97 -0.87 
99 Aksentyeva -42.0 271.9 40.7 159.2 3.9 6051.99 0.15 
100 Xantippe -10.9 11.7 40.6 157.8 3.9 6051.45 -0.39 
103 La Fayette 70.2 107.6 39.3 79.2 2.0 6051.75 -0.09 
105 Piaf 0.8 5.3 38.8 61.0 1.6 6051.09 -0.75 
104 Chiyojo -47.8 95.7 38.8 252.0 6.5 6051.25 -0.59 
108 Zenobia -29.4 28.5 38.5 84.0 2.2 6051.63 -0.21 
106 Flagstad -54.3 18.9 38.5 98.2 2.6 6052.15 0.31 
107 Howe -45.7 174.8 38.5 109.8 2.9 6051.42 -0.42 
110 Anicia -26.3 31.3 38.4 61.4 1.6 6051.89 0.05 
109 Agrippina -33.3 65.7 38.4 73.2 1.9 6051.06 -0.78 
111 Ban Zhao 17.2 146.9 38.3 89.2 2.3 6050.80 -1.04 
113 Mumtaz-Mahal 30.3 228.4 38.1 137.7 3.6 6051.79 -0.05 
116 Xiao Hong -43.6 101.7 37.6 60.1 1.6 6050.80 -1.04 
117 Carson -24.2 344.1 37.6 69.0 1.8 6051.41 -0.43 
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Reference 
Number Name Latitude Longitude 
Crater 
Diameter 
Flow 
Length 
Flow 
Length* 
Surrounding 
Elevation 
Elevation 
vs. Datum* 
  
 (°)  (°) (km) (km) 
(crater 
diameters) (km) 
 # Name Lat Lon D Flkm Flcd Ev Evd 
118 Cline -21.8 317.1 37.6 124.4 3.3 6051.60 -0.24 
119 Caccini 17.4 170.4 37.5 50.4 1.3 6051.68 -0.16 
121 Saskia -28.6 337.1 37.3 41.0 1.1 6051.85 0.01 
122 Bender -12.9 327.4 37.1 119.3 3.2 6051.30 -0.54 
124 Mowatt -14.6 292.3 36.7 40.0 1.1 6052.11 0.27 
126 Himiko 19.0 124.3 36.7 102.5 2.8 6051.42 -0.42 
128 von Paradis -32.2 314.9 36.3 47.4 1.3 6051.90 0.06 
130 Germain -38.0 63.7 35.9 104.6 2.9 6051.09 -0.75 
134 Bascom -10.4 302.1 35.4 39.1 1.1 6052.36 0.52 
136 Wilder 17.4 122.6 35.3 59.3 1.7 6052.02 0.18 
137 Lachappelle 26.7 336.7 35.3 80.0 2.3 6051.34 -0.50 
138 Bradstreet 16.5 47.7 35.2 43.9 1.2 6052.44 0.60 
139 Kahlo -59.9 178.9 34.9 67.9 1.9 6051.17 -0.67 
140 Grimke 17.3 215.3 34.6 47.9 1.4 6052.28 0.44 
142 Sabin -38.5 274.7 34.3 62.9 1.8 6052.34 0.50 
144 Hellman 4.8 356.3 34.2 52.0 1.5 6051.21 -0.63 
148 Munter -15.3 39.3 33.2 94.5 2.8 6051.31 -0.53 
151 Callirhoe 21.2 140.7 32.9 78.3 2.4 6051.33 -0.51 
152 Edinger -68.8 208.5 32.8 97.6 3.0 6051.60 -0.24 
153 Bathsheba -15.1 49.4 32.7 25.4 0.8 6051.65 -0.19 
154 Mu Guiying 41.2 81.1 32.7 51.7 1.6 6051.60 -0.24 
166 Ichikawa -61.6 156.3 31.3 66.6 2.1 6051.05 -0.79 
171 Aurelia 20.3 331.8 31.0 56.0 1.8 6050.36 -1.48 
175 Hwangcini 6.3 141.7 30.8 74.2 2.4 6051.73 -0.11 
176 Vacarescu -63.0 199.8 30.6 26.2 0.9 6051.33 -0.51 
178 Fossey 2.0 188.7 30.6 44.1 1.4 6052.57 0.73 
182 Blackburne 11.0 183.9 30.1 40.7 1.4 6053.34 1.50 
185 Winnemucca -15.3 121.0 30.1 67.1 2.2 6053.36 1.52 
180 Goncharova -63.0 97.7 30.1 171.9 5.7 6052.17 0.33 
187 Medhavi -19.3 40.6 29.8 38.5 1.3 6051.77 -0.07 
190 O'Conner -26.0 143.9 29.6 52.5 1.8 6052.43 0.59 
196 Ferrier 15.7 111.3 29.0 169.8 5.9 6051.51 -0.33 
198 von Schuurman -5.0 191.0 28.9 19.4 0.7 6053.61 1.77 
200 Boye -9.6 292.3 28.6 47.0 1.6 6052.04 0.20 
201 Nina -55.5 238.7 28.3 61.2 2.2 6051.07 -0.77 
202 Moses 34.6 119.9 28.1 136.4 4.9 6051.09 -0.75 
203 West 26.1 303.0 28.0 109.3 3.9 6052.11 0.27 
205 Glaspell -58.5 269.6 27.7 27.2 1.0 6051.21 -0.63 
207 Andami -17.5 26.5 27.7 38.9 1.4 6051.21 -0.63 
208 Centlivre 19.0 290.4 27.7 70.1 2.5 6052.25 0.41 
31 
 
Reference 
Number Name Latitude Longitude 
Crater 
Diameter 
Flow 
Length 
Flow 
Length* 
Surrounding 
Elevation 
Elevation 
vs. Datum* 
  
 (°)  (°) (km) (km) 
(crater 
diameters) (km) 
 # Name Lat Lon D Flkm Flcd Ev Evd 
210 Trollope -54.8 246.4 27.6 30.2 1.1 6051.14 -0.70 
213 Wu Hou -25.5 317.4 27.4 98.8 3.6 6051.30 -0.54 
215 Huang Daopo -54.2 165.3 27.2 68.2 2.5 6051.94 0.10 
219 Udaltsova -20.3 275.3 26.8 38.4 1.4 6052.23 0.39 
220 Cortese -11.4 218.4 26.8 50.5 1.9 6052.10 0.26 
223 Klafsky -20.7 188.1 26.6 49.6 1.9 6053.08 1.24 
226 Hansberry -22.7 324.1 26.4 48.4 1.8 6052.50 0.66 
228 Valadon -49.1 167.7 26.2 65.7 2.5 6051.71 -0.13 
231 Taussig -9.2 229.0 26.1 91.1 3.5 6051.94 0.10 
234 Storni -9.8 245.6 26.0 90.6 3.5 6051.55 -0.29 
235 Eudocia -59.1 202.0 25.9 36.3 1.4 6051.35 -0.49 
238 Behn -32.5 142.0 25.8 55.9 2.2 6052.87 1.03 
241 Nin -4.0 266.4 25.5 47.9 1.9 6052.29 0.45 
249 Piscopia 1.5 190.9 24.8 21.0 0.8 6053.22 1.38 
251 Lind 50.2 355.0 24.7 25.3 1.0 6051.59 -0.25 
253 Mukhina 29.5 0.5 24.5 33.0 1.3 6051.80 -0.04 
255 Birute 36.1 32.0 24.3 26.2 1.1 6051.23 -0.61 
254 Christie 28.3 72.7 24.3 30.9 1.3 6050.84 -1.00 
270 Kemble 47.7 14.9 23.2 59.0 2.5 6051.47 -0.37 
273 Devorguilla 15.3 4.0 23.1 57.0 2.5 6051.91 0.07 
277 Nofret -58.8 252.1 22.9 63.2 2.8 6051.07 -0.77 
279 de Stael 37.4 324.2 22.8 81.2 3.6 6051.07 -0.77 
281 Shih Mai-Yu 18.4 318.9 22.7 29.3 1.3 6051.20 -0.64 
283 Frank -13.1 12.9 22.6 42.2 1.9 6051.37 -0.47 
295 Buck -5.7 349.6 21.9 21.1 1.0 6051.09 -0.75 
298 de Lalande 20.4 355.0 21.6 30.9 1.4 6052.75 0.91 
302 Durant -62.3 227.6 21.1 55.1 2.6 6051.52 -0.32 
306 Winema 3.0 168.6 21.1 66.8 3.2 6051.58 -0.26 
303 Halle -19.8 145.5 21.1 86.8 4.1 6052.99 1.15 
308 Al-Taymuriyya 32.9 336.2 21.0 28.0 1.3 6051.17 -0.67 
310 Ariadne 43.9 0.0 20.8 76.0 3.7 6051.50 -0.34 
313 Moore -30.3 248.2 20.6 17.9 0.9 6051.36 -0.48 
317 Boivin 4.2 299.5 20.5 90.5 4.4 6052.13 0.29 
324 Boyd -39.4 221.4 20.0 64.4 3.2 6051.52 -0.32 
332 Avviyar -18.0 353.7 19.8 58.0 2.9 6051.16 -0.68 
336 Tunde 76.8 192.9 19.6 48.3 2.5 6051.71 -0.13 
335 Gloria 68.5 94.2 19.6 61.3 3.1 6052.63 0.79 
337 Sarah -42.4 1.8 19.5 26.0 1.3 6051.40 -0.44 
338 Manton 9.3 26.9 19.5 38.3 2.0 6051.68 -0.16 
340 Jeanne 40.1 331.5 19.5 39.7 2.0 6051.11 -0.73 
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Number Name Latitude Longitude 
Crater 
Diameter 
Flow 
Length 
Flow 
Length* 
Surrounding 
Elevation 
Elevation 
vs. Datum* 
  
 (°)  (°) (km) (km) 
(crater 
diameters) (km) 
 # Name Lat Lon D Flkm Flcd Ev Evd 
350 Comnena 1.2 343.7 19.0 29.0 1.5 6051.07 -0.77 
354 Nadine 7.8 359.1 18.8 79.0 4.2 6051.04 -0.80 
356 Sandel -45.7 211.6 18.7 23.0 1.2 6052.43 0.59 
361 Asmik 3.9 166.5 18.6 14.6 0.8 6051.57 -0.27 
374 Montez 17.9 266.5 18.2 51.2 2.8 6052.84 1.00 
272 Zija -3.5 265.0 18.2 74.2 4.1 6051.97 0.13 
378 Gregory 7.1 95.8 18.0 48.0 2.7 6053.17 1.33 
376 Grace -13.8 268.9 18.0 52.8 2.9 6051.88 0.04 
387 Workman -12.9 299.9 17.6 32.9 1.9 6052.65 0.81 
389 Oakley -29.3 310.5 17.5 49.4 2.8 6052.20 0.36 
392 Toklas 0.7 273.1 17.2 29.1 1.7 6051.62 -0.22 
400 Sanija 33.0 249.9 17.0 40.3 2.4 6051.04 -0.80 
401 Merit Ptah 11.4 115.6 17.0 41.8 2.5 6051.19 -0.65 
399 Inira -43.1 239.4 17.0 58.0 3.4 6051.32 -0.52 
402 Datsolalee 38.3 171.8 17.0 70.0 4.1 6051.44 -0.40 
403 Galina 47.6 307.1 17.0 85.2 5.0 6050.61 -1.23 
404 Elza -34.4 275.9 16.9 35.3 2.1 6051.99 0.15 
412 Madeleine -4.8 293.2 16.6 22.7 1.4 6052.10 0.26 
416 Judith -29.1 104.5 16.3 76.5 4.7 6052.71 0.87 
418 Indira 64.1 289.8 16.1 47.2 2.9 6050.91 -0.93 
423 Evangeline 69.6 222.0 15.9 20.0 1.3 6051.42 -0.42 
424 Johanna 19.5 247.3 15.9 37.1 2.3 6051.47 -0.37 
429 Esther 19.4 21.8 15.7 112.0 7.1 6051.80 -0.04 
436 Miriam 36.5 48.2 15.5 16.0 1.0 6052.50 0.66 
437 Daphne 41.3 280.4 15.5 43.2 2.8 6050.81 -1.03 
442 Yvonne -56.0 298.4 15.2 10.4 0.7 6051.31 -0.53 
445 Eileen -22.8 232.7 15.1 29.0 1.9 6052.11 0.27 
447 Lydia 10.7 340.7 15.0 39.6 2.6 6050.38 -1.46 
448 Vallija 26.3 120.0 15.0 63.0 4.2 6050.93 -0.91 
451 Ayana -29.2 175.5 14.9 43.3 2.9 6051.92 0.08 
459 Rose -35.2 248.2 14.7 92.0 6.3 6051.30 -0.54 
260 Stein -30.1 345.5 14.6 33.4 2.3 6051.36 -0.48 
162 Terhi 45.8 253.0 14.5 54.8 3.8 6051.07 -0.77 
467 Samantha 45.5 281.7 14.4 38.6 2.7 6050.44 -1.40 
469 Leah -34.2 187.8 14.3 57.7 4.0 6051.53 -0.31 
474 Fukiko -23.1 105.7 14.1 57.3 4.1 6052.60 0.76 
484 Liliya 30.2 31.2 13.9 33.7 2.4 6051.75 -0.09 
486 Olya 51.4 291.8 13.6 20.3 1.5 6050.58 -1.26 
492 Bernadette -46.6 285.6 13.5 78.2 5.8 6052.15 0.31 
497 Susanna 6.0 93.3 13.2 27.7 2.1 6053.37 1.53 
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Crater 
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Flow 
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Surrounding 
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 # Name Lat Lon D Flkm Flcd Ev Evd 
507 Ximena -68.2 243.6 13.0 16.9 1.3 6050.55 -1.29 
505 Ul'yana 24.3 253.0 13.0 33.1 2.5 6051.63 -0.21 
506 Wilma 36.7 1.7 13.0 33.5 2.6 6050.82 -1.02 
513 Barauka 10.6 346.3 12.8 53.1 4.1 6050.79 -1.05 
531 Nyogari -46.5 306.4 12.2 16.9 1.4 6052.30 0.46 
532 Adzoba 12.8 117.0 12.2 21.8 1.8 6051.50 -0.34 
527 Orlette -68.1 193.2 12.2 24.8 2.0 6051.45 -0.39 
533 Udyaka 30.8 172.9 12.2 47.1 3.9 6051.36 -0.48 
545 Zdravka 65.1 299.1 12.0 54.6 4.6 6051.56 -0.28 
551 Margarita 12.7 9.2 11.9 13.0 1.1 6051.08 -0.76 
547 Sovadi -44.8 225.6 11.9 49.8 4.2 6051.30 -0.54 
554 unnamed -9.3 157.0 11.8 46.7 4.0 6053.01 1.17 
555 Magdalena -11.2 48.7 11.7 19.0 1.6 6051.59 -0.25 
566 Uleken 33.7 185.1 11.5 29.2 2.5 6051.07 -0.77 
571 Clio 6.3 333.5 11.4 19.0 1.7 6050.99 -0.85 
570 Onissya -25.6 150.2 11.4 38.5 3.4 6052.17 0.33 
577 Talvikki 41.9 22.0 11.3 11.9 1.1 6051.67 -0.17 
584 Olivia 37.2 207.9 11.2 25.4 2.3 6051.53 -0.31 
591 Liv -21.1 303.9 11.1 19.7 1.8 6051.58 -0.26 
592 Pat 2.9 262.6 11.1 24.0 2.2 6051.50 -0.34 
593 Heather -6.8 334.1 11.1 42.0 3.8 6051.56 -0.28 
599 Natalia 67.0 272.9 11.0 18.8 1.7 6051.99 0.15 
596 Avene 40.4 149.4 11.0 19.8 1.8 6051.08 -0.76 
597 Zivile 48.8 113.1 11.0 26.7 2.4 6051.83 -0.01 
602 Stina 37.5 22.9 10.9 20.7 1.9 6051.70 -0.14 
601 Ilga -12.4 307.3 10.9 34.9 3.2 6052.26 0.42 
606 Kodu 0.9 338.7 10.8 25.0 2.3 6050.69 -1.15 
605 Giselle -11.8 298.0 10.8 25.9 2.4 6052.59 0.75 
610 Qulzhan 23.5 165.4 10.8 41.7 3.9 6051.33 -0.51 
618 unnamed -15.8 267.0 10.6 35.5 3.3 6051.80 -0.04 
619 Opika -57.2 151.9 10.5 33.7 3.2 6050.83 -1.01 
512 Elizabeth 59.1 215.4 10.5 24.3 2.3 6051.62 -0.22 
635 Uluk -62.2 178.6 10.1 25.0 2.5 6051.27 -0.57 
653 Frosya 29.5 113.4 9.6 18.9 2.0 6050.87 -0.97 
659 unnamed 2.9 5.0 9.4 28.3 3.0 6050.99 -0.85 
661 Inkeri -28.4 224.0 9.3 16.3 1.8 6051.80 -0.04 
665 Janina -2.0 135.7 9.3 22.9 2.5 6053.27 1.43 
667 Enid 16.4 352.1 9.2 22.1 2.4 6051.86 0.02 
690 unnamed 13.3 336.7 8.8 16.0 1.8 6050.71 -1.13 
688 Vassi 34.4 346.5 8.8 20.3 2.3 6050.77 -1.07 
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698 Veriko 20.4 350.1 8.5 11.3 1.3 6052.24 0.40 
701 Shushan -43.8 70.3 8.4 16.6 2.0 6051.52 -0.32 
706 Mansa -33.9 63.4 8.2 13.7 1.7 6051.08 -0.76 
708 Irinuca 51.4 121.9 8.1 42.1 5.2 6051.80 -0.04 
709 Yonsuk -34.0 234.8 8.0 10.5 1.3 6051.27 -0.57 
714 Nicole 48.3 259.3 8.0 18.5 2.3 6050.94 -0.90 
734 Xi Wang 14.0 208.0 7.6 27.7 3.6 6052.17 0.33 
729 Radhika -30.4 166.5 7.6 54.5 7.2 6052.33 0.49 
742 Tako 25.1 285.2 7.5 21.6 2.9 6054.49 2.65 
744 Parvina -62.1 153.0 7.4 8.1 1.1 6050.97 -0.87 
746 unnamed 6.2 282.6 7.4 20.8 2.8 6051.33 -0.51 
748 Raki -49.4 70.0 7.3 11.9 1.6 6052.23 0.39 
752 Leslie -11.2 13.5 7.2 17.9 2.5 6051.64 -0.20 
754 Odarka 40.7 138.2 7.2 25.8 3.6 6051.60 -0.24 
782 Hapei 66.1 178.0 6.7 14.6 2.2 6050.72 -1.12 
807 Vasilutsa 16.5 334.4 6.1 13.0 2.1 6050.45 -1.39 
806 Nelike -26.8 329.2 6.1 13.6 2.2 6051.97 0.13 
816 Maa-Ling -14.7 359.5 6.0 25.7 4.3 6051.04 -0.80 
815 Rampyari 50.6 179.3 6.0 33.5 5.6 6050.75 -1.09 
824 Patimat -1.3 156.5 5.8 10.3 1.8 6051.84 0.00 
825 Defa 32.2 11.3 5.8 25.9 4.5 6051.04 -0.80 
828 Esterica 36.7 3.6 5.7 6.6 1.2 6050.66 -1.18 
835 Istadoy -51.8 132.6 5.5 14.2 2.6 6051.18 -0.66 
836 Tehina -30.4 76.4 5.4 13.7 2.5 6051.08 -0.76 
842 Dafina 28.6 244.1 5.3 20.3 3.8 6051.44 -0.40 
851 Zula 7.3 282.0 5.1 21.9 4.3 6051.27 -0.57 
853 Fiona 5.0 166.6 5.0 6.4 1.3 6051.40 -0.44 
856 Firuza 51.8 108.0 4.9 25.0 5.1 6051.50 -0.34 
894 unnamed 35.9 208.6 3.7 21.2 5.7 6051.33 -0.51 
918 unnamed 29.6 135.4 2.7 4.5 1.7 6051.14 -0.70 
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Appendix B: Lunar Flow Database 
 
Appendix B contains the full list of craters used to calculate lunar flow lengths.  These data were adapted from 
Neish et al., 2014 (table numbers indicate the source table in the paper).  Bolded flows are documented in this 
study.  *Starred columns were generated in this study. 
Table Crater Latitude Longitude Diameter 
Flow 
Length 
Flow 
Length* 
Flow 
Length* 
Melt 
direction 
  
(°) (°E) (km) 
(crater 
radii) (km) 
(crater 
diameters) 
   Name Lat Lon D Flcr Flkm Flcd Dir 
1 SE of Olcott 17.4 120 1.5 1.3 0.975 0.65 SW 
1 S Rim of Birchoff K 56.8 214.2 2.2 2.9 3.19 1.45 SW 
3 W wall of Lobachevskiy 9.7 111.7 2.3 2.2 2.53 1.1 E 
2 S of Ingalls G 24.2 209.9 2.4 0.75 0.9 0.375 N 
1 W of Isaev -17.7 144.4 2.4 0.7 0.84 0.35 S, SE, SW 
1 SE of Coriolis G -0.4 175 2.5 0.9 1.125 0.45 SW 
1 W of Riccius -37.5 23.1 2.8 3.4 4.76 1.7 SW 
2 E of Atlas 46.7 49.8 2.9 3.7 5.365 1.85 NE, NW 
1 E of Polybius R -25.7 27.9 2.9 3.3 4.785 1.65 S 
1 Herigonius K -12.8 323.5 3 1.7 2.55 0.85 NE 
2 Hesiodus E -27.9 344.6 3 0.3 0.45 0.15 NE 
1 N of Nusl E 34.4 169.8 3 1.3 1.95 0.65 NW 
2 SW of Steno N 30 161 3 2.3 3.45 1.15 NNW 
1 In Weyl #2 17 237.8 3.1 0.6 0.93 0.3 NW 
1 SW of Maksutov -41.4 188.1 3.3 1 1.65 0.5 S 
2 Inside Yablochkov 60.9 126.8 3.5 2 3.5 1 S 
1 SE Rim of Leavitt -45.2 221.7 3.6 0.7 1.26 0.35 E 
1 N of Tsinger 57.3 175.7 3.8 1 1.9 0.5 NW 
1 N of Healy J 30.9 250.8 4 1.5 3 0.75 E 
1 NW of Compton 59.5 100.5 4 2.4 4.8 1.2 SW 
3 Rim of Gibbs -17.5 85.2 4 2 4 1 SSW 
3 S Rim of Koval'sky Y -21.1 100.02 4.2 0.8 1.68 0.4 SW 
1 NE of Davisson -34.6 187.4 4.4 2 4.4 1 E 
1 E of Lodygin -17.1 215.6 4.7 0.3 0.705 0.15 E 
2 Lichtenberg B 33.3 298.5 4.8 0.4 0.96 0.2 SW 
1 S of Nassau -26.4 177.3 4.8 4 9.6 2 SE 
1 Schroter D 4.5 350.5 5 1.4 3.5 0.7 NW 
2 SE of Stein C 7.9 183 5 0.4 1 0.2 SW 
1 SW of Tiling -53 226 5.3 0.6 1.59 0.3 NE 
3 Near McKellar -16.7 -170 5.4 1.4 3.78 0.7 E 
1 NE of Compton 58 114.6 5.8 5.2 15.08 2.6 SE 
1 Rim of Ley 41.3 156.5 6 1.3 3.9 0.65 SE 
1 S of Kolhorster 6.1 243.9 6 0.3 0.9 0.15 E 
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Table Crater Latitude Longitude Diameter 
Flow 
Length 
Flow 
Length* 
Flow 
Length* 
Melt 
direction 
  
(°) (°E) (km) 
(crater 
radii) (km) 
(crater 
diameters) 
   Name Lat Lon D Flcr Flkm Flcd Dir 
1 S of Tsinger 55.3 174.5 6.3 0.9 2.835 0.45 W 
1 NE of Orlov D -24.1 187.3 6.5 1.3 4.225 0.65 NW, SW 
1 NW of Galois B -9.6 206.6 6.6 1.4 4.62 0.7 NW 
3 Romer Y 25.8 36.3 6.6 1.3 4.29 0.65 SSW 
1 S of Hertzsprung -4.1 227.7 6.8 0.2 0.68 0.1 NE 
1 Eimmart A 24.1 65.7 7 1.5 5.25 0.75 N 
1 Inside Pingre -58.9 287.3 7 0.4 1.4 0.2 S 
1 NE of Langevin C 47 166.9 7.5 0.3 1.125 0.15 N 
1 Rim of O'Day -31 158 7.5 0.9 3.375 0.45 NE 
1 S Rim of Donner -32.2 97.9 7.5 3.8 14.25 1.9 N 
1 Stevinus A -31.9 51.6 7.5 1.4 5.25 0.7 NE 
1 S of Dirichlet 9.1 207.7 7.6 0.3 1.14 0.15 SW 
1 In Alder -48.4 183.4 8 2.1 8.4 1.05 SW 
3 NE of Meshchersky 13.2 127.6 8.5 1.7 7.225 0.85 SE 
1 E of Lenz 3.4 259.7 9 2.6 11.7 1.3 NW 
3 Near Curie -23.7 88 9 3.8 17.1 1.9 NNW 
2 Rim of Lowell -13.3 257.6 9 3 13.5 1.5 NW 
1 W rim of Fizeau -58.7 223 9 2.4 10.8 1.2 E 
3 NW rim of Sklodowska -16.9 93.9 9.5 1.2 5.7 0.6 SSW 
3 Chauvenet L -13.3 137.8 10 1.1 5.5 0.55 SSE 
1 Messier -1.9 47.6 10 2 10 1 W 
1 NE of Schrodinger -71.3 162.4 10 2.6 13 1.3 WSW 
1 S of Schonfeld 43.6 262.5 10 1.6 8 0.8 W 
3 W rim of Papaleski 10.85 162.08 10 1.1 5.5 0.55 N 
1 E of Malyy 21.4 108.6 11 0.2 1.1 0.1 SSE 
1 Furnerius A -33.6 59 11 0.3 1.65 0.15 NW 
1 Lagrange D -34.9 287.5 11 1.4 7.7 0.7 NE 
1 N of Chebyshev -28.8 227.2 11 1.6 8.8 0.8 S, NE 
1 Rim of Virtanen 15.8 177.3 11 1.1 6.05 0.55 W 
1 W of Hutton P 35.5 166.2 11.6 0.9 5.22 0.45 W, WNW 
1 SW of Artem'ev L 6.2 214.8 11.7 1 5.85 0.5 SE 
1 Messier A -2 47 12 5.3 31.8 2.65 W 
1 Pythagoras K 67.3 284.2 12 0.3 1.8 0.15 NE 
1 S of Alter 15.3 250.8 12 1.5 9 0.75 SW 
3 O'Day M -31.6 157.1 13 0.9 5.85 0.45 N 
1 SE of Pavlov -30.9 145.5 13 1 6.5 0.5 W, NW 
1 N of Zhukovsky 11.6 192.1 13.5 0.2 1.35 0.1 NW 
2 W Rim of Joule T 27.7 211.4 13.8 1.3 8.97 0.65 SE 
1 Gauss J 40.6 72.7 14 1.5 10.5 0.75 SE 
3 Mandel'shtam F 5.1 166.1 15 0.6 4.5 0.3 NW 
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Table Crater Latitude Longitude Diameter 
Flow 
Length 
Flow 
Length* 
Flow 
Length* 
Melt 
direction 
  
(°) (°E) (km) 
(crater 
radii) (km) 
(crater 
diameters) 
   Name Lat Lon D Flcr Flkm Flcd Dir 
2 
SE Rim of 
Paraskevopoulos S 47.9 205.7 15 1.3 9.75 0.65 NW 
3 Sklodowska J -19.4 98 15 0.5 3.75 0.25 NW 
1 E of Michelson 7.5 243.7 15.5 1 7.75 0.5 NE 
1 Bessel 21.7 17.9 15.6 1.3 10.14 0.65 ENE, SE 
1 Whipple 89.1 118.2 15.7 2.4 18.84 1.2 S 
1 Janssen K -46.2 42.3 16 1.6 12.8 0.8 W 
1 SE of Chalonge -22 244.5 16 1.2 9.6 0.6 N 
1 Ventris M -5.7 157.9 16.2 1.8 14.58 0.9 N 
2 N Rim of Korolev X 1.1 200.5 16.4 1.5 12.3 0.75 S 
2 Byrgius A -24.5 296.3 18 1.7 15.3 0.85 NE, (W) 
3 Dawes 17.2 26.3 18 0.8 7.2 0.4 SE 
3 Epigenes A 67 -0.4 18 1 9 0.5 W 
3 W of Fermi -19.8 117.3 18 0.9 8.1 0.45 NNE 
1 NW of Kohlschotter 15.4 151.6 18.5 0.7 6.475 0.35 W 
1 von Bekesy F 52.8 137 20 0.3 3 0.15 SW, NE 
2 Giordano Bruno 35.9 102.8 22 1 11 0.5 WSW 
3 Lalande -4.5 -8.6 24 0.5 6 0.25 SE 
1 Moore F 37.4 185 24 1.3 15.6 0.65 SE 
1 Slipher S 48.9 158.7 24 2 24 1 NE 
1 Abbe H -58.2 177.9 25 0.7 8.75 0.35 W 
3 Koval'skiy P -22.4 100.7 25 0.2 2.5 0.1 NNE 
3 Al-Khwarizmi K 4.5 108.2 26 1 13 0.5 SSW 
3 Becvar Q -3.1 124.3 26 0.3 3.9 0.15 ENE 
1 Gerasimovich D -22.3 238.4 26 2 26 1 W 
3 Proclus 16.1 46.9 26 1 13 0.5 N 
1 Stefan L 44.6 252.3 26 1.1 14.3 0.55 N 
3 Saha E -0.3 108 28.8 0.5 7.2 0.25 NNW 
3 Inside Wiener F 40.9 149.9 30 1 15 0.5 N 
1 Thales 61.6 50.2 31 1 15.5 0.5 NE 
3 Zhukovskiy Z 9.8 -167.2 32.4 0.8 12.96 0.4 N 
1 Petavius B -19.9 57.1 33 1 16.5 0.5 SE 
3 Green M 0.4 133.1 35.3 0.1 1.765 0.05 NE 
3 Necho -5.2 123.2 36.9 1 18.45 0.5 NE 
1 Plante -10.2 163.3 37 1.4 25.9 0.7 NW 
1 Das -26.6 223.2 38 1 19 0.5 E, NW, S? 
3 Stearns 34.7 162.6 38.9 1.4 27.23 0.7 SE 
3 Mairan 41.6 -43.5 39.5 0.4 7.9 0.2 SW 
3 Aristarchus 23.7 -47.3 40 0.8 16 0.4 E, S 
1 Newcomb 29.8 43.7 40 1 20 0.5 S 
3 Olbers A/Glushko 8.1 -77.7 40.1 1.8 36.09 0.9 NNW 
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Table Crater Latitude Longitude Diameter 
Flow 
Length 
Flow 
Length* 
Flow 
Length* 
Melt 
direction 
  
(°) (°E) (km) 
(crater 
radii) (km) 
(crater 
diameters) 
   Name Lat Lon D Flcr Flkm Flcd Dir 
1 Helmholtz D -66.1 54.1 46 0.5 11.5 0.25 SE 
3 Crookes -10.4 165.1 48.3 0.7 16.905 0.35 SE 
3 Rutherfurd -61.1 -12.7 50 1.8 45 0.9 W 
3 Anaxagoras 73.5 -10.2 51.9 0.9 23.355 0.45 ESE 
3 Maunder -14.5 -93.9 53.8 0.2 5.38 0.1 W 
3 Mandel'shtam R 4.4 159.8 54 0.9 24.3 0.45 NNE 
3 Aristillus 33.9 1.2 55 2 55 1 NE 
3 Cavalerius 5.1 -66.9 59.3 0.1 2.965 0.05 NE 
3 Zucchius -61.4 -50.6 63.2 0.3 9.48 0.15 E 
1 Ohm 18.4 246.5 64 0.4 12.8 0.2 SE 
3 O'Day -30.4 157.3 70.4 1.5 52.8 0.75 ESE 
1 Jackson 22.4 196.9 71 0.4 14.2 0.2 W 
3 Philolaus 72.2 -32.9 71.4 1.2 42.84 0.6 E 
3 Von Neuman 40.3 153.2 74.8 0.2 7.48 0.1 NE 
3 Sharonov 12.4 173.1 75.1 0.2 7.51 0.1 ENE 
3 King 5 120.5 76.2 0.8 30.48 0.4 NE 
3 Fabricius -42.8 41.8 78.9 0.3 11.835 0.15 S, WSW 
3 Tycho -43.4 -11.2 85.3 0.7 29.855 0.35 E 
1 Hayn 64.6 83.9 87 1.2 52.2 0.6 SSE 
3 Aristoteles 50.2 17.3 87.6 0.5 21.9 0.25 S 
3 Copernicus 9.6 -20.1 96.1 0.6 28.83 0.3 S 
1 Vavilov -0.9 138.8 98 0.7 34.3 0.35 ENE 
3 Theophilus -11.5 26.3 98.6 0.9 44.37 0.45 NE 
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Appendix C: Venus Flow Images and Qualitative Analysis 
 
Appendix C contains the Magellan imagery, Arecibo Observatory CPR imagery, and qualitative 
analysis for each studied Venus crater.  In all images, north is up.  All CPR images are color-
scaled from 0 to 0.4 except for Seymour, Aglaonice, Potter, and Danilova, which are color-
scaled from 0 to 0.15.  Arrows point to the impact melt flow in each S1 image. 
 
Crater 
Number Name Latitude Longitude Crater Diameter 
Incidence 
Angle 
    (°) (°) (km)   
1 Rosa Bonheur 9.7 288.8 102.2 51.4 
2 Sanger 33.8 288.6 83.8 61.3 
3 Mona Lisa 25.6 25.2 82.5 56.4 
4 Stuart -30.8 20.2 66.6 46.9 
5 Seymour 18.2 326.5 63.9 29.3 
6 Aglaonice -26.5 340.0 62.7 17.5 
7 Ponselle -63.0 289.0 57.3 67.0 
8 Potter 7.2 309.4 48.9 32.2 
9 Cunitz 14.5 350.9 48.5 27.0 
10 Willard -24.7 296.0 48.4 43.8 
11 Deken 47.1 288.5 48.2 68.6 
12 Danilova -26.4 337.2 47.6 17.2 
13 Truth 28.7 287.8 46.1 59.3 
14 Xantippe -10.9 11.7 40.6 34.2 
15 Lachappelle 26.7 336.7 35.3 35.9 
16 Aurelia 20.3 331.8 31.0 30.0 
17 Galina 47.6 307.1 17.0 61.8 
 
 
Qualitative Analysis Questions 
1)  Are the flows relatively radar-bright or radar-dark? 
2)  Are the edges of the flows brighter (e.g. for the radar-dark flows) and are the edges well-
defined and “crisp” or are they diffuse (like they have been covered or may not be melted rock)? 
3)  Are different types of flows present for the same crater (bright/dark, crisp/diffuse edges, etc.)? 
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1: Rosa Bonheur 
1)  The flow is mostly of medium radar brightness. 
2)  The proximal edges are diffuse and the distal edges are mostly crisp.  The edges tend to be 
the same brightness as the flow, except there is a region near the end of the flow that is darker 
than the rest of the flow. 
3)  Every part of the flow is different, whether because of its brightness or edge crispness. 
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2: Sanger 
1)  The flow is radar-bright proximal and distal to the crater (though it is brighter proximal), and 
darker in the middle. 
2)  The edges are similar brightness to the flows and are crisp in some places (e.g. distal 
northeast) somewhat diffuse in others (e.g. proximal and middle northeast). 
3)  There are crisp edges in some places and not in others.  The flow seems to consist of three 
distinct parts—proximal, middle, and distal.  The proximal is radar-bright, the middle in darker 
and more diffuse, and the distal is crisp and brighter. 
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3: Mona Lisa 
1)  The flow is for the most part radar-dark, though the flow to the southeast is slightly brighter 
than the rest of the flow. 
2)  The edges are similar brightness to the flow, and are crisp in some places (e.g. southwest) but 
diffuse in most. 
3)  There is one area of crisp edged flow while most are diffuse.  There is a possible radar-dark 
large flow extending to the east that is much larger than any of the others. 
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4: Stuart 
1)  The flow is very radar-bright, as is the floor of the crater (melt?).  The north flow is the 
brightest while most of the west flows are slightly darker.  The southern west flow is brighter on 
the interior and dark on the edge, and the middle-west flow is brightest at the end. 
2)  The edges of the flow to the west are darker and more diffuse, while they are of consistent 
brightness and very crisp in the north. 
3)  There are both crisp and diffuse edges.  The crisp edge flows are more intricately patterned 
than the diffuse edge flow. 
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5: Seymour 
1)  The flow is radar-bright proximal and distal to the crater and relatively radar-dark in the 
middle.  There is also radar-dark flow to the east and west of the crater (proximal). 
2)  The edges of the flow are crisp distal from the crater and diffuse in the middle, especially on 
the eastern side.  There are also diffuse edged flows to the west of the crater.  The eastern flow 
appears to have brighter edges in the radar-darker areas of flow. 
3)  There are both crisp and diffuse edges as well as both radar-bright and radar-dark flows.  The 
radar-dark areas with diffuse edges are most likely such because they are overlain by the 
parabola of the crater Aurelia to the northeast (not shown in this image). 
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6: Aglaonice 
1)  The flow to the northeast is of medium radar-brightness except for some radar-dark areas 
(which also coincide with relatively diffuse edges).  There is a large radar-dark flow north of the 
crater.  The eastern edges of this flow are brighter than the rest of the flow. 
2)  To the northeast, the edges of the flows tend to be diffuse (though the most diffuse edges 
correspond to the darkest flows).  To the north, it appears that a radar-dark flow is rimmed by 
relatively crisp and bright edges. 
3)  There are multiples combinations of radar brightness and edge characteristics (crisp bright 
edges and dark flow, diffuse dark edges and dark flow, etc.). 
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7: Ponselle 
1)  The flow is relatively radar-dark with some local variation of brightness within the flow. 
2)  The edges are for the most part diffuse—it is sometimes difficult to tell where the flow ends.  
The edges tend to be the same brightness as the flow, though there is brightness variation within 
the flow, so it is possible that the edges are darker than the rest of the flow.  There are a couple of 
crisp edges northwest of the crater. 
3)  There are both crisp and diffuse edges, and there is some brightness variation, though the 
radar brightness is relatively consistent. 
 
Note: Magellan image is skewed (stretched horizontally) 
 
53 
 
 
  
54 
 
8: Potter 
1)  The flows are radar-dark proximal to the crater and relatively radar-bright distal from the 
crater.  The flows are darkest south-southeast of the crater.  There is a bright patch in the middle 
of the western southwest flow. 
2)  The edges are diffuse to the south, somewhat diffuse in the western flow, and somewhat crisp 
in the long thin flows to the southwest.  The edges are consistent in brightness with the flows. 
3)  There are both diffuse and crisp edges, and there is a variety of different brightness. 
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9: Cunitz 
1)  The flows are radar-bright. 
2)  The edges of the flow are somewhat diffuse in the north and somewhat crisp in the south, and 
are of similar brightness to the flows. 
3)  The flow is relatively uniform, though there is none present to the southwest. 
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10: Willard 
1)  The flow is relatively radar-bright except for in the west, where it is somewhat radar-dark. 
2)  The edges are crisp in all but the west, where they are diffuse.  Also in the west, the edges 
may be brighter than the flow, though this may be due to the ejecta pattern. 
3)  The flows in the north/east and the west are distinctly different, the former being bright and 
crisp and the latter being darker and diffuse. 
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11: Deken 
1)  The flows vary from radar-bright to radar-dark (bright proximal and dark distal). 
2)  The edges of the flows are somewhat diffuse and the same brightness as the flow. 
3)  The flows all appear similar—bright proximal and dark distal with channels proximal and 
somewhat diffuse edges.  The flows in the east are thinner than flows in other areas, though, and 
the southwest flows don’t extend from the crater. 
 
 
61 
 
  
62 
 
12: Danilova 
1)  The flows are radar-dark, though the northern flow is significantly brighter than the southern 
flow. 
2)  The edges for the northern flow are somewhat diffuse and the same brightness as the flow.  
The edges for the southern flow are somewhat crisp and much brighter than the flow.  In fact, 
they are the main reflectivity evidence for the flow. 
3)  The two flows are very different due to their brightness and edge character. 
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13: Truth 
1)  The flows are radar-bright in the south and west-southwest and somewhat radar-bright in the 
north. 
2)  The edges of the flows are all crisp and the same brightness as the flow, though the edges in 
the north are slightly less crisp than those elsewhere. 
3)  The morphology of the northern flows is different than those elsewhere—they are of a 
different shape (a lot of small flows with a less rounded appearance, darker than the rest). 
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14: Xantippe 
1)  The flows start out bright and then go to very radar-dark, so dark that they’re not immediately 
noticeable. 
2)  The edges vary from somewhat crisp to very diffuse.  In many places, they are significantly 
brighter than the flow. 
3)  Most of the flow goes south of the crater.  The proximal and distal flows are very different—
the proximal flows are bright while the distal flows and dark and bright-edged. 
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15: Lachappelle 
1)  The flows are radar-bright except for the small flow south of the crater. 
2)  The edges of the flows are the same brightness as the flows and are crisp except for the small 
flow to the south, which has diffuse edges. 
3)  The flow to the south is of a different character than all of the other flows, but otherwise all of 
the flows are similar. 
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16: Aurelia 
1)  The flow is very radar-bright as is the crater floor. 
2)  The edges of the flow are the same brightness as the flow and very crisp. 
3)  The flows (which are all to the southeast) all appear to be of similar character. 
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17: Galina 
1)  The flows range from middling brightness to very radar-bright.  It is darkest to the north-
northwest and brightest to the west. 
2)  The edges of the flows are the same brightness as the flow, and range from somewhat crisp to 
crisp.  The end of the west flow has a radar-dark rim on the south side. 
3)  The flows to the north, east, and southeast are darker and have slightly more diffuse edges 
than the flows in the west. 
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Appendix D: Lunar Flow Images and Qualitative Analysis 
 
Appendix D contains the Lunar Reconnaissance Orbiter (LRO) Mini Radio Frequency 
Instrument (Mini-RF) S1 image and qualitative analysis for each studied lunar crater.  In all 
images, north is up.  Arrows point to the impact melt flow(s) in each image, and the location of 
the crater rim is noted before each image.  Outlines of the flow and a WAC image are included 
for Maunder due to the flow being difficult to discern from the surroundings. 
 
Crater Name Latitude Longitude 
Crater 
Diameter 
  (°) (°) (km) 
Tycho -43.4 -11.2 85.3 
King 5.0 120.5 76.2 
Jackson 22.4 196.9 71 
O'Day -30.4 157.3 70.4 
Aristillus 33.9 1.2 55 
Maunder -14.5 -93.9 53.8 
Glushko 8.1 -77.7 40.1 
Gerasimovich -22.3 238.4 26 
 
Qualitative Analysis Questions 
1)  Are the flows relatively radar-bright or radar-dark? 
2)  Are the edges of the flows brighter (e.g. for the radar-dark flows) and are the edges well-
defined and “crisp” or are they diffuse (like they have been covered or may not be melted rock)? 
3)  Are different types of flows present for the same crater (bright/dark, crisp/diffuse edges, etc.)? 
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1: Tycho 
Southeast flow 
1)  The flow is somewhat radar bright at the end and somewhat radar-dark in the middle. 
2)  The edges are relatively crisp at the end of the flow and relatively diffuse in the middle of the 
flow. 
3)  The characteristics of the flow change along the flow (dark and diffuse in the middle, bright 
and crisp at the end).  It is darker than the northeast flow. 
Northeast flow 
1)  The flow is relatively radar-bright, brighter than the southeast flow, though there are some 
radar-dark sections. 
2)  The edges are relatively crisp along the flow 
3)  This flow is brighter than the southeast flow. 
 
The crater rim is along the west side of the image. 
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2: King 
1)  The flow is of middling brightness and somewhat hard to discern from the surroundings.   
2)  The edges of the flow are diffuse and are difficult to discern from the surroundings. 
3)  The flow is relatively uniform; similar to Jackson’s flow, it is most evident due to its “streaky” 
radar signature. 
 
The crater rim is at the southwest corner of the image. 
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3: Jackson 
1)  The flow is of middling brightness and somewhat hard to discern from the surroundings.  It is 
easier to discern the flow distal to the crater. 
2)  Some edges are relatively crisp and some are relatively diffuse—the flow is sometimes 
difficult to discern from the surroundings. 
3)  Similar to King’s flow, the proximal portion of the flow is most evident due to its “streaky” 
radar signature.  The distal portion looks more traditionally like a flow (e.g. Aristillus). 
 
The crater rim is at the northwest corner of the image. 
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4: O’Day 
1) The flow is not very radar-bright, but it is bright enough to be distinct from its surroundings.  
There are many radar-bright spots in the flow from the ejecta from newer craters forming on the 
flow. 
2)  The edges of the flow are relatively crisp. 
3)  The flow is relatively uniform, though it is easiest to discern distal to the crater and it appears 
brighter distal to the crater.  This may be due to the differences between the data strips in the 
mosaic. 
 
The crater rim is in the northwest corner of the image. 
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5: Aristillus 
1)  The flows are significantly brighter than their surroundings.  The brightness of the flows isn’t 
uniform—there are bright spots from the ejecta from newer craters forming on the flow. 
2)  The edges of the flows are crisp. 
3)  The flows appear to be of a similar type—both of the visible flows have crisp edges, 
somewhat bright flows with brighter spots. 
 
The crater rim is in the southwest corner of the image. 
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6: Maunder 
1) The flow is not very radar-bright and is difficult to discern from the surroundings.  The task of 
finding it was made more difficult by what appears to be thick clusters of new craters near and 
on the flow.  Assistance from WAC images was needed to find it (see approximate outlines). 
2) It is not clear what the character of the edges is considering the flow is so hard to discern. 
3)  It is difficult to determine the uniformity of the flow due to the new crater clusters. 
 
The crater rim is in the middle of the image with the crater floor on east side. 
Red lines show approximate flow boundaries on each image. 
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7: Glushko 
1) The flows are significantly brighter than their surroundings.  The end of the flows are 
brightest, and there are some bright spots due to cratering (though less than Aristillus). 
2)  The edges of the flow are crisp for the most part, though there are some areas where it isn’t 
clear, most likely due to the radar image. 
3)  The flows appear to be of a similar type. 
 
The crater rim is at the southern end of the image. 
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8: Gerasimovich 
1) The flows are significantly brighter than their surroundings. The brightness of the flow isn’t 
uniform—there are bright spots due to newer craters forming on the flow. 
2)  The edges of the flow are crisp, and the southern edge of the flow is brighter than the interior 
of the flow. 
3)  There is only one large noticeable flow, and it is relatively uniform. 
 
The crater rim is at the east side of the image. 
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Appendix E: Venus Flow CPR Data 
 
Appendix E contains the CPR measurements for the studied Venus flows.  *Starred columns were generated in this study.  Other columns 
were adapted from the data of Robert Herrick of the Lunar and Planetary Institute. 
Crater 
# 
Crater 
Name Latitude Longitude 
Incidence 
Angle* 
Box 
#* Box Description* 
Mean 
CPR* 
Standard 
Deviation* 
  
(°) (°) (°) 
    #C   Lat Lon Inc #Box   CPR Stddev 
1 
Rosa 
Bonheur -24.7 288.8 51.4 1 Crater floor (skewed by reflection?) 0.4352870 0.1687620 
          2 Southwest flow (skewed by reflection?) 0.2981970 0.0885192 
2 Sanger 25.6 288.6 61.3 1 Crater floor (dark green) 0.2593230 0.1037640 
          2 Northeast flow (light green/little bits of blue and orange) 0.2593750 0.0978554 
3 Mona Lisa -26.5 25.2 56.4 1 Crater floor (dark green) 0.2677890 0.1145850 
          2 Southwest flow (light green/little bit of orange) 0.2821190 0.1163490 
4 Stuart -30.8 20.2 46.9 1 Crater floor (red) 0.4027890 0.1334960 
          2 West flow (light green/orange) 0.2868620 0.0947783 
5 Seymour 7.2 326.5 29.3 1 Crater floor (not middle feature) (dark green) 0.0739859 0.0361763 
     
2 Crater rim (light green) 0.0853022 0.0235361 
     
3 Left flow, beginning (light blue/purple 0.0461140 0.0145480 
     
4 Left flow, middle (green/blue/purple) 0.0457960 0.0221646 
     
5 Left flow, end (roughest) (orange) 0.1083350 0.0333539 
     
6 Right flow, beginning (light blue/purple) 0.0333614 0.0159088 
     
7 Right flow, middle diffuse area (dark blue/purple) 0.0333432 0.0177101 
     
8 Right flow, branching point (green/blue) 0.0635488 0.0242506 
     
9 Right flow, top branch (green/blue) 0.0667389 0.0267260 
     
10 Right flow, bottom branch 1 (dark blue/purple) 0.0396712 0.0177736 
     
11 Right flow, bottom branch 2 (light blue) 0.0451203 0.0161613 
          12 Parabola northeast of crater (dark/purple) 0.0228415 0.0167203 
6 Aglaonice -10.9 340.0 17.5 1 Crater floor (dark blue) 0.0340674 0.0121386 
          2 East flow (blue/purple) 0.0316073 0.0106431 
7 Ponselle 20.3 289.0 67.0 1 Crater floor (dark/light green) 0.2296980 0.1340270 
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Crater 
# 
Crater 
Name Latitude Longitude 
Incidence 
Angle* 
Box 
#* Box Description* 
Mean 
CPR* 
Standard 
Deviation* 
  
(°) (°) (°) 
    #C   Lat Lon Inc #Box   CPR Stddev 
7 Ponselle 20.3 289 67.0 2 Northeast flow, distal (dark green) 0.2244110 0.1207850 
          3 South flow, distal (dark green) 0.2422770 0.1166650 
8 Potter 47.1 309.4 32.2 1 Crater floor (red) 0.1687420 0.0549851 
          2 Southwest flow, proximal (green) 0.1207670 0.0356659 
9 Cunitz 14.5 350.9 27.0 1 Crater floor (light/dark blue) 0.0592261 0.0171696 
     
2 Northwest flow (blue/purple) 0.0886733 0.0324021 
          3 Southeast rim (purple) 0.0616873 0.0234649 
10 Willard -26.4 296.0 34.2 1 Crater floor (green/red) (skewed by reflection?) 0.3094850 0.1042190 
     
2 North flow, proximal (green) (skewed by reflection?) 0.2686430 0.0792955 
          3 West flow, proximal (green) (skewed by reflection?) 0.2816020 0.0982316 
11 Deken 33.8 288.5 68.6 1 Crater floor (dark blue/green) 0.1915810 0.0955439 
          2 Northeast flow (blue/green) 0.1880970 0.0937360 
12 Danilova 28.7 337.2 43.8 1 Crater floor (blue) 0.0488480 0.0154213 
          2 North flow (purple) 0.0352651 0.0128822 
13 Truth -30.8 287.8 59.3 1 Crater floor (red/orange) 0.3476950 0.1601620 
          2 Southeast flow (light green/little bits of orange) 0.3363510 0.1025580 
14 Xantippe 47.6 11.7 34.2 1 Crater floor (light blue) 0.1393290 0.0358132 
          2 Southwest flow, distal (green/blue) 0.1424620 0.0424887 
15 Lachappelle 18.2 336.7 35.9 1 Crater (green/light blue) 0.2028720 0.0677138 
          2 North flow (green/light blue) 0.1855690 0.0615440 
16 Aurelia -63.0 331.8 30.0 1 Crater floor (light green) 0.1506320 0.0462315 
          2 Southwest flow (light blue) 0.1183050 0.0506873 
17 Galina 9.7 307.1 61.8 1 Crater (light green/little bit of orange) 0.2422880 0.0895461 
     
2 Flow (light green/more orange) 0.2966140 0.1412090 
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Appendix F: Lunar Flow CPR Data 
 
Appendix F contains the CPR measurements for the studied lunar flows.  *Starred columns were 
generated in this study.  Other columns were adapted from Neish et al. (2014). 
Crater 
# 
Crater 
Name 
Box 
# Box Description 
Mean 
CPR 
Standard 
Deviation 
#C   #B   CPR Stddev 
1 Tycho 1 South flow, proximal, diffuse edges, break in ridge 1.133730 0.6241120 
  
2 South flow, diffuse edges, between the ridges 0.982682 0.5938610 
  
3 South flow, end of the ridges 1.184070 0.6671850 
  
4 South flow, bend around ridge 1.058920 0.6115570 
  
5 South flow, bright after bend 1.248330 0.7451900 
  
6 South flow, west of small crater 1.309690 0.7240580 
  
7 South flow, dark east of crater 1.215680 0.5840040 
  
8 South flow, end (bright) 1.315220 0.7792890 
  
9 South flow, end (dark) 0.986949 0.5278910 
  
10 South flow, end, bright rim 1.312130 0.7186670 
  
11 North flow, middle, oxbow 1.375220 0.9007930 
  
12 North flow, dark 1.126000 0.5709420 
  
13 North flow, bright 1.419810 0.7913910 
  
14 North flow, dark 1.258930 0.6803440 
  
15 North flow, darker 1.042950 0.5990940 
  
16 North flow, small bright 1.331180 0.7528860 
  
17 North flow, bright pool 1.353990 0.8243140 
  
18 North flow, tail off pool 1 1.144970 0.5713980 
  
19 North flow, tail off pool 2 1.203890 0.7266950 
2 King 1 Proximal 0.868167 0.5003280 
  
2 Distal (before small crater) 0.563415 0.3219170 
3 Jackson 1 South flow, "bowling pin," bright (strip 1 of 4) 0.697477 0.4239690 
  
2 South flow, "bowling pin," dark (strip 1 of 4) 0.625585 0.3651220 
  
3 South flow, east of "bowling pin" (strip 1 of 4) 0.512008 0.3179550 
  
4 South flow, skinny branches (strip 2 of 4) 0.444864 0.2336590 
  
5 
South flow, smooth area of cratered section (strip 2 of 
4) 0.323447 0.1806290 
  
6 Southern end of "bowling pin" (strip 2 of 4) 0.622364 0.3638560 
  
7 North flow, "bowling pin," bright (strip 1 of 4) 0.636869 0.3831960 
  
8 North flow, "bowling pin," middle (strips 1 of 4) 0.677418 0.4064070 
  
9 North flow, "bowling pin," dark (strip 1 of 4) 0.824035 0.4690540 
  
10 North flow, east of "bowling pin" (strip 1 of 4) 0.581926 0.3398250 
  
11 North flow, leading to end pool (strip 3 of 4) 0.447622 0.2739770 
  
12 North flow, beginning of end pool (strip 3 of 4) 0.635760 0.3768370 
  
13 North flow, middle of end pool (strip 4 of 4) 0.792558 0.5868000 
  
14 North flow, end of end pool (strip 4 of 4) 0.629057 0.3237090 
  
15 North flow, tip of end pool (strip 4 of 4) 0.588582 0.3605090 
  
16 North flow, tail of end pool, brighter (strip 4 of 4) 0.643359 0.5008900 
  
17 North flow, tail of end pool, darker (strip 4 of 4) 0.669209 0.4584790 
4 O'Day 1 Distal flow, north part 0.710814 0.4242880 
  
2 Distal flow, south part 0.635432 0.3826440 
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Crater 
# 
Crater 
Name 
Box 
# Box Description 
Mean 
CPR 
Standard 
Deviation 
#C   #B   CPR Stddev 
5 Aristillus 1 North flow, beginning (strip 1 of 2) 0.642644 0.3513010 
  
2 North flow, main part, branching point 1 (strip 1 of 2) 0.422180 0.2220990 
  
3 North flow, main part, branching point 2 (strip 1 of 2) 0.508167 0.2487230 
  
4 North flow, small part 1 (strip 1 of 2) 0.538535 0.3466230 
  
5 North flow, small part 2 (strip 1 of 2) 0.553165 0.2952420 
  
6 North flow, small part, pool beginning (strip 1 of 2) 0.558941 0.3414200 
  
7 North flow, small part, pool end (strip 1 of 2) 0.537000 0.3332010 
  
8 North flow, small part (strip 2 of 2) 0.521451 0.3479770 
  
9 North flow, main part, large pool (strip 2 of 2) 0.488244 0.3018520 
  
10 North flow, main part, small pool (strip 2 of 2) 0.497904 0.2807030 
  
11 North flow, small flow (strip 2 of 2) 0.623955 0.3784420 
  
12 South flow, beginning (strip 1 of 2) 0.599004 0.3444990 
  
13 South flow, middle 1 (strip 1 of 2) 0.608653 0.3773000 
  
14 South flow, middle 2 (strip 1 of 2) 0.559740 0.3206850 
  
15 South flow, middle 3 (strip 2 of 2) 0.588111 0.3510430 
  
16 South flow, middle 4 (strip 2 of 2) 0.548231 0.3043250 
  
17 South flow, middle 5 (strip 2 of 2) 0.506992 0.2875220 
6 Maunder 1 Proximal (strip 1 of 2) 0.774261 0.4284780 
  
2 Middle (strip 2 of 2) 0.902826 0.5327790 
  
3 Distal (strip 2 of 2) 0.730734 0.4013300 
7 Glushko 1 West flow, west proximal (strip 1 of 2) 0.960845 0.558736 
  
2 West flow, middle proximal (strip 1 of 2) 1.007460 0.603953 
  
3 West flow, east proximal (strip 1 of 2) 1.010310 0.603125 
  
4 West flow, west middle 1 (strip 1 of 2) 1.034180 0.597698 
  
5 West flow, east middle 1 (strip 1 of 2) 0.863666 0.483362 
  
6 West flow, west middle 2 (strip 1 of 2) 1.078150 0.611027 
  
7 West flow, middle middle 2 (strip 1 of 2) 1.364160 0.749063 
  
8 West flow, east middle 2, bright (strip 1 of 2) 0.984994 0.587242 
  
9 West flow, east middle 2, medium (strip 1 of 2) 1.057140 0.621416 
  
10 West flow, east middle 2, dark pool (strip 1 of 2) 0.827663 0.446787 
  
11 West flow, first east distal (brightest) (strip 1 of 2) 1.195720 0.683927 
  
12 West flow, second east distal (darkest) (strip 1 of 2) 0.875967 0.513685 
  
13 West flow, third east distal (medium) (strip of 2) 0.971295 0.570745 
  
14 West flow, first west distal (strip 1 of 2) 1.152020 0.657292 
  
15 West flow, distal (strip 1 of 2) 1.238040 0.713132 
  
16 West flow, center pool (strip 1 of 2) 0.875559 0.558463 
  
17 East flow, west proximal (strip 2 of 2) 0.987252 0.563994 
  
18 East flow, middle proximal (strip 2 of 2) 1.008610 0.551161 
  
19 East flow, east proximal (strip 2 of 2) 0.947856 0.532617 
  
20 East flow, west middle 1 (medium) (strip 2 of 2) 0.941572 0.555258 
  
21 East flow, west middle 1 (bright) (strip 2 of 2) 1.292440 0.633302 
  
22 East flow, middle middle 1 (strip 2 of 2) 0.993783 0.577335 
  
23 East flow, east middle 1 (strip 2 of 2) 1.045900 0.594644 
  
24 East flow, branching point (strip 2 of 2) 1.093210 0.613630 
  
25 East flow, east branch beginning (strip 2 of 2) 0.875811 0.504107 
  
26 East flow, east branch end (strip 2 of 2) 1.038020 0.606845 
  
27 East flow, west branch beginning (strip 2 of 2) 1.049650 0.592435 
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Crater 
# 
Crater 
Name 
Box 
# Box Description 
Mean 
CPR 
Standard 
Deviation 
#C   #B   CPR Stddev 
7 Glushko 28 East flow, west branch middle (strip 2 of 2) 0.902704 0.507809 
  
29 East flow, west branch, end (strip 2 of 2) 1.135010 0.605149 
8 Gerasimovich 1 Proximal north (strip 1 of 2) 1.015080 0.5906100 
  
2 Proximal south (strip 1 of 2) 0.746386 0.4390260 
  
3 Middle south interior (strip 1 of 2) 0.691228 0.4566760 
  
4 Middle south bright rim (strip 1 of 2) 0.986427 0.5616590 
  
5 Middle north (strip 1 of 2) 0.837295 0.4764320 
  
6 Small north distal flow (strip 2 of 2) 0.793772 0.4537670 
  
7  Small north distal flow dark spot (strip 2 of 2) 0.635311 0.3904830 
  
8 Distal interior 1 (strip 2 of 2) 0.794476 0.4499540 
  
9 Distal interior 2 (strip 2 of 2) 0.835529 0.4840370 
  
10 Distal bright end (strip 2 of 2) 0.907921 0.4440410 
  
11 Distal dark end (strip 2 of 2) 0.723272 0.4905370 
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Appendix G: Processing the Venus Data 
 
Venus data from a study completed by Dr. Bruce Campbell, Dr. Donald Campbell, Dr. Lynn Carter, and 
colleagues were received from Lynn Carter in the form of .gi (Global Image) files.  The following is the IDL 
procedure (written and executed by Lynn Carter) used to convert these files into IDL variables for processing. 
;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; 
; 
;  program read_gips 
; 
;  Read gips files into an IDL variable 
; 
;  Input: A GIPS file; raw data with ascii header ending in 'FINIS=\n' 
; 
;  Output: An IDL variable with the raw data stored in it; rotated  
;   to match the IDL display system. 
;                
; 
;   Notes:  Right now it only deals with floating point and complex  
;   data types. 
;                There is no linux-gips, so swap endian if the machine  
;    you are running on is little endian 
;                     (the file wasn't created there, that's for sure!) 
;       
;  Lynn Carter, Jan. 2005 
;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; 
pro read_gips,infile,data,noswap=noswap 
 
    ; set some variables 
h1=string(replicate(32B,1))     
; read in one character in string at a time and concatenate. 
    h7=string(replicate(32B,7)) 
endhdr= 'FINIS='+string(10B)   
; linefeed - carriage return doesn't work. 
 
    if (keyword_set(noswap)) then swap=0 else swap=1 
 
    openr,lun,infile,/get_lun 
    readu,lun,h7    ;read in first seven values 
    header=h7      ; initialize header string 
 
     ; read in one letter at a time until header is read in completely 
    while(strcmp(strmid(header,strlen(header)-7), endhdr) EQ 0) do begin 
        readu,lun,h1 
        header=header+h1 
     endwhile 
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  ; extract  information from the header: data type, xsize, ysize 
   xnum_str=stregex(header,'xnum = .* ?',/extract) 
   xnum_wds=strsplit(xnum_str,' ',/extract) 
   ynum_str=stregex(header,'ynum = .* ?',/extract) 
   ynum_wds=strsplit(ynum_str,' ',/extract) 
   dtype_str=stregex(header,'dtype = .* ?',/extract) 
   dtype_wds=strsplit(dtype_str,' ',/extract) 
 
   xnum=fix(xnum_wds[2],/print) 
   ynum=fix(ynum_wds[2],/print) 
   dtype=dtype_wds[2]  
;   print,xnum,ynum,dtype 
 
  ; now read in the data with a case statement for data type. 
  case dtype of 
         'f':  begin  
                 data=fltarr(xnum,ynum) 
                  readu,lun,data 
                  if (swap eq 1) then 
swap_endian_inplace,data,/swap_if_little_endian 
                 data=rotate(data,7) 
               end 
 
         'b':  begin  
                 data=bytarr(xnum,ynum) 
                  readu,lun,data 
                  if (swap eq 1) then 
swap_endian_inplace,data,/swap_if_little_endian 
                 data=rotate(data,7) 
               end 
 
         'c': begin 
                data=complexarr(xnum,ynum) 
                readu,lun,data 
                if (swap eq 1) then 
swap_endian_inplace,data,/swap_if_little_endian 
                data=rotate(data,7) 
              end 
 
         else: message,'dtype not a valid type' 
 
    endcase 
 
    close,lun 
    free_lun,lun 
end  
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The .gi reading procedure is called by .bat files which combine the runs for each hemisphere for each day and 
writes them into .raw files.  The following is an example of one of the .bat files used, created and executed by 
Lynn Carter (bat file list: combruns_mar27n.bat, combruns_mar27s.bat, combruns_mar29n.bat, 
combruns_mar29s.bat, combruns_mar30n.bat, combrun_mar30s.bat). 
 
combruns_mar27n.bat 
read_gips,'ven010327.lat3.S1.gi',data1 
read_gips,'ven010327.lat7.S1.gi',data2 
read_gips,'ven010327.lat11.S1.gi',data3 
read_gips,'ven010327.lat15.S1.gi',data4 
read_gips,'ven010327.lat19.S1.gi',data5 
 
mar27_north_s1=data1+data2+data3+data4+data5 
 
read_gips,'ven010327.lat3.S2.gi',data1 
read_gips,'ven010327.lat7.S2.gi',data2 
read_gips,'ven010327.lat11.S2.gi',data3 
read_gips,'ven010327.lat15.S2.gi',data4 
read_gips,'ven010327.lat19.S2.gi',data5 
 
mar27_north_s2=data1+data2+data3+data4+data5 
 
read_gips,'ven010327.lat3.S3.gi',data1 
read_gips,'ven010327.lat7.S3.gi',data2 
read_gips,'ven010327.lat11.S3.gi',data3 
read_gips,'ven010327.lat15.S3.gi',data4 
read_gips,'ven010327.lat19.S3.gi',data5 
 
mar27_north_s3=data1+data2+data3+data4+data5 
 
read_gips,'ven010327.lat3.S4.gi',data1 
read_gips,'ven010327.lat7.S4.gi',data2 
read_gips,'ven010327.lat11.S4.gi',data3 
read_gips,'ven010327.lat15.S4.gi',data4 
read_gips,'ven010327.lat19.S4.gi',data5 
 
 
mar27_north_s4=data1+data2+data3+data4+data5 
 
openw,1,'mar27.north.s1.raw' 
writeu,1,mar27_north_s1 
close,1 
openw,1,'mar27.north.s2.raw' 
writeu,1,mar27_north_s2 
close,1 
openw,1,'mar27.north.s3.raw' 
writeu,1,mar27_north_s3 
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close,1 
openw,1,'mar27.north.s4.raw' 
writeu,1,mar27_north_s4 
close,1 
 
After the runs are combined for each day for each hemisphere, all of the runs were combined by hemisphere.  
The following is an example of one of the two .bat files (the other being make_south.bat), both created and 
executed by Lynn Carter. 
 
make_north.bat 
north_mar01_s1=mar27_north_s1+mar29_north_s1+mar30_north_s1 
north_mar01_s2=mar27_north_s2+mar29_north_s2+mar30_north_s2 
north_mar01_s3=mar27_north_s3+mar29_north_s3+mar30_north_s3 
north_mar01_s4=mar27_north_s4+mar29_north_s4+mar30_north_s4 
 
openw,1,'north.mar01.s1.raw' 
writeu,1,north_mar01_s1 
close,1 
 
openw,1,'north.mar01.s2.raw' 
writeu,1,north_mar01_s2 
close,1 
 
openw,1,'north.mar01.s3.raw' 
writeu,1,north_mar01_s3 
close,1 
 
openw,1,'north.mar01.s4.raw' 
writeu,1,north_mar01_s4 
close,1 
 
north_mar01_cpr=(north_mar01_s1-
north_mar01_s4)/(north_mar01_s1+north_mar01_s4) 
openw,1,'north.mar01.cpr.raw' 
writeu,1,north_mar01_cpr 
close,1 
 
north_mar01_dlp=sqrt(north_mar01_s2^2+north_mar01_s3^2)/north_mar01_s1 
openw,1,'north.mar01.dlp.raw' 
writeu,1,north_mar01_dlp 
close,1 
 
The hemispheres are then made into .tif files of the S1 and CPR data for viewing.  The following are examples 
of such files. The parameter “max” in make_tiff_cpr.bat is changed to the desired stretch value.  The file was 
run at max values of 0.4 and 0.15.  0.15 was used to view craters with a small incidence angle. 
 
 
94 
 
make_tiff_s1.bat 
tiff_array = 10*alog10(south_mar01_s1) 
filename = 'south.mar01.s1.tiff' 
scaled_array = bytscl(tiff_array, min=95, max=154, top=255) 
write_tiff, filename, scaled_array, orientation=4 
 
make_tiff_cpr.bat 
tiff_array = north_mar01_cpr 
filename = 'north.mar01.cpr.015.tiff' 
scaled_array = bytscl(tiff_array, min=0, max=0.15, top=255) 
write_tiff, filename, scaled_array, orientation=4 
 
After creating the .tif files for the S1 and CPR data for each hemisphere, the CPR data was color-scaled 
according to value and overlaid on the corresponding S1 images using Adobe Photoshop to allow for easier 
viewing. 
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Appendix H: Creating the Lunar Mosaics 
 
Appendix G contains the original tcsh script from Catherine Neish which was adapted to create mosaics of the 
Mini-RF data and Lunar Reconnaissance Orbiter Wide Angle Camera separately for each crater.  It also 
contains the code used to prepare the mosaics for analysis in IDL.  The tcsh script requires the .img and .lbl files 
for each data strip and the .cub file of the WAC imagery as well as the edits mentioned in the script description. 
 
#reg_mos_script 
#Author: Catherine Neish (catherine.neish@jhuapl.edu) 
#Last tinkered with:  26 May 2011 
#Description:  This tcsh script will produced a mosaic of LRO SAR swaths.  
#The user must enter appropriate latitude and longitude ranges for the 
#final mosaic. To make this file executable, type "chmod +x 
#reg_mos_script" at a tcsh prompt.  Then run "./reg_mos_script". 
 
# ------------------ 
# EDIT THIS SECTION 
 
# LOOK DIRECTION 
 
set look = east 
 
# Ina 
 
set lat = 18.0 
set long = 5.0 
set dlat = 3 
set dlon = 4 
set res = 15.0 
set fname = ina 
 
set minlat = `echo $lat $dlat | awk '{print $1 - $2}'` 
set maxlat = `echo $lat $dlat | awk '{print $1 + $2}'` 
set minlon = `echo $long $dlon | awk '{print $1 - $2}'` 
set cminlon =  `echo $long $dlon 360.0 | awk '{print $1 - $2 + $3}'` 
set maxlon = `echo $long $dlon | awk '{print $1 + $2}'` 
set cmaxlon = `echo $long $dlon 360.0 | awk '{print $1 + $2 + $3}'` 
set clon = `echo $minlon $maxlon | awk '{print ($1 + $2)/2}'` 
set cclon = `echo $cminlon $cmaxlon | awk '{print ($1 + $2)/2}'` 
 
# ------------------ 
 
# Trim Clementine mosaic 
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maptrim from=../WAC_GLOBAL_E300N0450_100M.cub 
to=WAC_GLOBAL_E300N0450_100M.map mode=crop minlat=$minlat maxlat=$maxlat 
minlon=$minlon maxlon=$maxlon 
 
# Make PNG file 
isis2std from=WAC_GLOBAL_E300N0450_100M.map.cub to=$fname.wac.png 
 
# ------------------ 
# GENERATE DAUGHTER PRODUCTS 
 
cd $look 
 
set numimg = 0 
foreach f (lsz*.lbl) 
 set numimg = `expr $numimg + 1` 
 mrf2isis from=$f to=$f.cub 
end 
 
set j = 0 
foreach f (lsz*.lbl.cub) 
 set j = `expr $j + 1` 
 echo "$f cube $j of $numimg" 
  
 algebra from=$f+1  from2=$f+2  to=$f.s1 a=1.0 b=1.0 operator=add 
 algebra from=$f+1  from2=$f+2  to=$f.s2 a=1.0 b=1.0 operator=subtract 
 algebra from=$f+3  to=$f.s3 a=2.0 operator=unary 
 algebra from=$f+4  to=$f.s4 a=-2.0 operator=unary 
 
 algebra from=$f.s1.cub  from2=$f.s4.cub  to=$f.sc a=0.5 b=0.5 
operator=subtract 
 algebra from=$f.s1.cub  from2=$f.s4.cub  to=$f.oc a=0.5 b=0.5 
operator=add 
 
 algebra from=$f.sc.cub  from2=$f.oc.cub  to=$f.cpr a=1.0 b=1.0 
operator=divide 
 
end 
 
rm *.lbl.cub 
 
# --------------------------------- 
# S1 MOSAIC 
 
set band = s1 
 
foreach f (lsz*.$band.cub) 
 set base = `basename $f .cub.$band.cub` 
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 spiceinit from=$f 
 cam2map from=$f 
map=/software/isis3/data/base/templates/maps/equirectangular.map 
to=$base.map.$band.cub pixres=mpp resolution=$res defaultrange=map 
minlat=$minlat maxlat=$maxlat minlon=$minlon maxlon=$maxlon 
 mask from=$base.map.$band.cub mask=$base.map.$band.cub to=$f.null min=-10 
max=0 preserve=outside 
 mv $f.null.cub $base.map.$band.cub 
end 
 
ls *.map.$band.cub > file_list.lis 
 
automos fromlist=file_list.lis mosaic=../$fname.$band.$look.cub 
grange=user minlat=$minlat maxlat=$maxlat minlon=$minlon maxlon=$maxlon 
matchbandbin=no 
 
isis2std from=../$fname.$band.$look.cub to=../$fname.$band.$look.png 
 
rm *.pgw 
rm *.map.* 
 
# --------------------------------- 
# CPR MOSAIC 
 
set band = cpr 
 
foreach f (lsz*.$band.cub) 
 set base = `basename $f .cub.$band.cub` 
 spiceinit from=$f 
 cam2map from=$f 
map=/software/isis3/data/base/templates/maps/equirectangular.map 
to=$base.map.$band.cub pixres=mpp resolution=$res defaultrange=map 
minlat=$minlat maxlat=$maxlat minlon=$minlon maxlon=$maxlon 
 mask from=$base.map.$band.cub mask=$base.map.$band.cub to=$f.null min=-10 
max=0 preserve=outside 
 mv $f.null.cub $base.map.$band.cub 
end 
 
ls *.map.$band.cub > file_list.lis 
 
automos fromlist=file_list.lis mosaic=../$fname.$band.$look.cub 
grange=user minlat=$minlat maxlat=$maxlat minlon=$minlon maxlon=$maxlon 
matchbandbin=no 
 
stretch from=../$fname.$band.$look.cub to=$fname.stretch pairs="0.:0 
1.2:255" null=0 lrs=0 hrs=255 
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isis2std from=$fname.stretch.cub to=../$fname.$band.$look.png 
stretch=manual minimum=0 maximum=255 
 
rm *stretch* 
rm *.pgw 
rm *.map.* 
 
cd .. 
 
This script produces .cub files (ISIS format) for S1 and CPR data for each crater.  The data were further 
processed prior to analysis by converting them to raw files.  The following is an example of the command line 
code used to do so. 
 
isis2raw from=ina.cpr.cub to=aristillus_cpr.raw 
 
The resulting .raw files were then imported into IDL for analysis using a .bat file.  The following is an example 
excerpt from the .bat file.  The dimensions of the floating-point array are determined by recording the 
dimensions of the .cub file from qview (ISIS program). 
 
openr,1,'1_tycho_s1.raw' 
tycho_s1 = fltarr(14542,20217) 
readu,1,tycho_s1 
close,1 
